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Abstract 
 
Atenolol (β-blocker), Clofibric Acid (Lipid regulators) and Diclofenac (Anti-
inflammatory) are the drugs widely used and reported to have adverse effects on fish 
and other organisms. These drugs are found at trace levels in lakes, rivers, ground water 
and sewage treatment plants and conventional treatment plants are ineffective to 
eliminate these at those levels.  A high resolution LC-MS/MS was used to quantify 
these drugs at low levels. Various advanced oxidation methods were used for the 
present research to eliminate these drugs from secondary effluent. Complete removal of 
selected PPCPs was achieved by synthesizing immobilized TiO2 on a stainless steel 
mesh and using a combination of O3/UV/TiO2 a very powerful technique. Although 
individual advanced oxidation process or a combination of two AOPs were able to 
remove it to a lesser extent. In2O3 porous microspheres, nanocubes, nanoplates and 
nano crystals were synthesized and used for treatment of secondary effluent. Results 
have shown that the complete removal of PPCPs was achieved in shorter duration in 
comparison to the various AOPs using TiO2.  Out of these four In2O3 nano materials, 
porous microspheres exhibited higher activity compared to other nano materials. A 
deciduous wood biomass was subjected to slow pyrolysis at a rate of 7
o
C/min in the 
absence of oxygen to 700
o
C leading to the formation of biochar (BC). The produced 
biochar had increased surface area and micro porosity. Batch sorption studies were 
conducted using biochar, natural zeolite (Chabazite) and chemically activated biochar. 
It was observed that chemically activated biochar was highly efficient followed by 
biochar.  
 
Keywords 
Wastewater, biochar, advanced oxidation process, adsorption, degradation rate, 
photodegradation 
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Chapter 1  
1 Introduction 
 
1.1 Background 
The presence of pharmaceuticals in drinking water, rivers and wastewaters of  
Switzerland, United Kingdom, Italy, Germany (Kreuzinger et al., 2004 and Heberer et 
al., 2004) and the United States (Bruchet et al., 2005) is a major concern as most of the 
data was generated by conducting studies in these countries. Among pharmaceuticals 
and personal care products (PPCPs), Atenolol, Clofibric Acid and Diclofenac are in the 
top 20 drugs sold and widely used in the world (Fierce Pharma, 2014, Global Market 
Sales, 2014 and NDC Health, USA, 2015). These PPCPs are non-regulated and the risk 
of their long term exposure at low concentrations to aquatic life can have adverse 
effects. For example, the exposure of the anti-inflammatory and arthritis drug, 
diclofenac, between 2000 and 2007 has resulted in the death of 95% of India’s Gyps 
vultures and 90% of Pakistan’s due to renal failure. Diclofenac was sold worldwide in 
more than 3 dozen different brand names. Scientists have found that in the environment, 
combinations of compounds are commonly found together. For example, it was found 
that although low concentrations of fluoxetine, an antidepressant, and clofibric acid do 
not have any effect on water fleas individually, they killed more than half of water fleas 
when they were exposed to the two compounds simultaneously (Sonia Shah, 2010).  
It was observed that concentrations of diclofenac, clofibric acid and atenolol in 
wastewater treatment plant (WWTP) influent, effluent, groundwater and surface-water 
follows the order of diclofenac>atenolol>clofibric acid whereas diclofenac and clofibric 
acid has been observed in sludge and biosolids.  
One of the most pressing global environmental issues of present and future is the 
protection and conservation of precious water resources. Water reclamation efficiency 
from various effluents and source water protection is the long-term sustainability of 
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clean water supply. Increasing interest in water reuse and public health concerns about 
micropollutants originating from a variety of PPCPs and common household chemical 
agents has raised concerns about the fate and transformation of these chemicals and 
their removal from water. Around 65 to 80 mg/L of bromide concentrations has been 
observed in confined areas of seawater (Al-Mutaz, 2000), while fresh waters show trace 
amounts to about 0.5 mg/L concentration. In U.S, daily dietary intake from fish, grains 
and nuts accounts to 2-8mg of bromide (Nielsen and Dunn, 2009). 
 Drinking water should be safe from emerging contaminants, including Endocrine 
Disrupting Compounds (EDCs), PPCPs, Natural Organic Matter (NOM) and Bromine 
(Br). The problem is that most of these EDCs and PPCPs compounds are not regulated, 
so neither utilities nor the public know what “safe” is.  Therefore, until the regulations 
catch up with the research, we aim to remove or reduce the levels of contaminants or 
their biological activity in our waters.  
Many EDCs and PPCPs are low molecular weight compounds that are relatively 
hydrophilic, and are thus not suited for removal by traditional treatments. Many studies 
have indicated that conventional water and sewage treatment plants can remove less 
than 75% of most EDCs and PPCPs (although this varies widely with chemical 
properties and treatment processes).  To avoid the potential dangerous accumulation of 
pharmaceuticals in the aquatic environment, research is being proposed to determine 
the efficacy of powerful oxidation techniques to remove these compounds from 
conventionally treated wastewater prior to release to receptors (e.g. rivers), source 
water and drinking water.  
Several treatment processes were used in the past to remove atenolol from wastewater 
by conventional biological treatment (Castiglioni et al., 2006), membrane bioreactor 
(MBR) (Kim et al., 2014) and staged anaerobic fluidized membrane bioreactor (SAF-
MBR) (Dutta et al., 2014). Atenolol was also removed from secondary effluent by 
ferrate VI (Zhou and Jiang, 2015). For diclofenac the treatment process employed were 
photo-Fenton (Pe´rez-Estrada et al., 2005), H2O2/UV and ozonation (Vogna et al., 2004 
and Huber et al., 2003), activated sludge (Clara et al., 2005), flotation (Carballa et al., 
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2005), membrane bioreactor and conventional treatment (Radjenovic et al., 2007), 
heterogeneous catalytic oxidation with H2O2 (Hofmann et al., 2007), solar irradiation 
(Bartels et al., 2007 and Agu¨ era et al., 2005), granular activated carbon, ultrafiltration, 
coagulation/flocculation and reverse osmosis were also employed. Diclofenac was also 
removed from wastewater by using adsorption techniques such as micelle–clay 
complex (Karaman et al., 2012). Another study involved removal of diclofenac from 
contaminated water by the usage of silica gel synthesized by sol-gel process as an 
adsorbent (Benavent et al., 2009). Similarly, clofibric acid was removed from water and 
wastewater by O3/H2O2 (Zwiener and Frimmel, 2000), Ozonation (Ternes et al., 2002 
and Andreozzi et al., 2003), H2O2/UV (Andreozzi et al., 2003), TiO2/UV (Doll et al., 
2004), MBR and conventional treatment (Radjenovic et al., 2007) techniques. 
Organic compounds have been treated in drinking water using advanced oxidation 
processes (AOPs) at several sites across the United States and Canada over the past ten 
years or so. AOPs are chemical oxidation techniques able to produce in situ reactive 
free radicals, mainly the hydroxyl radical (•OH), by means of different reacting 
systems. The concept was originally established by Glaze et al., (1987) as ‘Oxidation 
processes which generate hydroxyl radical in sufficient quantity to affect water 
treatment’.  
Unlike air stripping and adsorption, which are phase-transfer processes, AOPs are 
destructive processes that  break down organic contaminants directly in the water 
through chemical reaction, as opposed to simply transferring them from the liquid phase 
to gas phase (in the case of air stripping) or solid phase (in the case of powdered 
activated carbon and resins). However, despite this advantage, there are significant 
limitations and challenges in the full-scale application of AOPs. These include (a) the 
complex nature of the chemical and physical processes involved in oxidation reactions, 
and (b) the influence of background water quality on contaminant removal. For 
example, the presence of high bromide concentrations or natural organic matter can 
result in the formation of regulated oxidation by-products that may cause water quality 
to deteriorate beyond its initial state of contamination; and (c) the non-selective nature 
of oxidation processes leads to the potential for significant interference. 
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To compensate for these limitations, more energy or higher chemical dosages may be 
required, which can potentially result in higher costs. In general, though, AOPs can be 
employed to achieve total degradation of PPCPs and their by-products, thereby 
avoiding their dangerous accumulation in the aquatic environment. Even partial 
degradation and transformation of the parent compounds may attenuate their toxicity.   
The commonly used AOPs include homogeneous or heterogeneous processes which 
include photodissociation of hydrogen peroxide and ultraviolet (H2O2/UV), photolysis 
of ozone (O3/UV), Fenton reaction (Ferrous, Fe
2+
/H2O2), photo-Fenton reaction 
(Fe
2+
/H2O2/UV), photocatalysis (Titanium dioxide, TiO2/UV), etc. 
Each method has its own merits and limitations, and the efficiency of each process 
depends on the ease with which it can be operated, the cost effectiveness, the extent of 
mineralization achieved and finally the reaction time. Most of these methods are 
effective in bringing about the complete oxidation of organic pollutants, thus achieving 
the lowest level of pollution. 
 
1.2 Objectives of the study 
Broadly the objectives of this research were to select the best technologies for complete 
removal of the PPCPs compounds from wastewater. The main objectives of the study 
are: a) preparation and characterization of homogeneous immobilized TiO2 coatings on 
stainless steel mesh and its PPCPs removal kinetics in wastewater by a combination of 
AOPs (O3/UV/TiO2) and its comparison to other techniques; b) preparation of Indium 
Oxide (In2O3) nano cubes, porous microspheres, nano plates and nano crystals, its 
characterization and application in degradation of PPCPs from wastewater and    c) 
preparation of biochar, its characterization and application in removal of PPCPs from 
wastewater with comparison to natural zeolites. 
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1.3 Contribution of the thesis 
To date, various treatment technologies have been used in the removal of PPCPs from 
drinking water, distilled water and surface water but very few studies have been 
conducted on wastewater and sludge. Although some of the AOPs were able to remove 
these PPCPs completely in water but were not efficient in complete removal in 
wastewater due to its complex water matrix such as the presence of natural organic 
matter, color, odor, suspended solids, ions, etc. Some of the key contributions of this 
research helped in improving the methods of removal of PPCPs from wastewater as 
follows: 
a) Extensive wastewater sampling, laboratory experiments and data analysis by 
high resolution Liquid Chromatography Triple Quadrupole Mass Spectrometry 
(LC-MS/MS) 
b) A study of the combination of O3/UV/TiO2 AOP has improved the removal of 
PPCP from wastewater 
c)  Use of In2O3 in the removal of PPCP from wastewater was conducted for the 
first time as no published work to date has dealt with removal of these 
compounds 
d) Although activated carbon has been used in the removal of various organics and 
PPCPs, biochar was used for the first time to remove PPCPs from wastewater    
e) A combination of biochar and zeolite was studied to compare the removal 
efficiencies of PPCPs from wastewater 
 
1.4 Organization of the thesis 
The thesis is written in an integrated-article format with each of the articles in 
individual chapters containing separate introduction, tables, figures, results, discussion 
and references. It is divided into six chapters and one appendix.  
Chapter 1 consists of background, objectives and contribution. 
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Chapter 2 presents a review of literature on PPCPs (atenolol, clofibric acid and 
diclofenac) model compounds, various advanced oxidation processes (ozonation, UV, 
TiO2, O3/UV, UV/TiO2, O3/TiO2 and H2O2), semi-conductor photocatalysis 
(immobilization of TiO2 into thin films), and the applications of AOPs, Indium Oxide 
and Biochar  in degradation of PPCPs from wastewater. 
Chapter 3 deals with PPCPs removal from wastewater by using advanced oxidation 
process of O3/UV/TiO2 and its comparison with other AOPs.  This chapter discusses 
sampling procedure, wastewater characterization, methodology of LC-MS/MS, 
adsorbent preparation on support medium by coating procedures and characterization of 
the TiO2 films, influence of pH, variation of the concentration of TiO2 coatings, the 
effect of the presence of natural organic matter and bromine in wastewater on PPCPs 
removal, and the kinetics of the removal of the individual compounds. 
Chapter 4 deals with the preparation and characterization of In2O3 in the form of porous 
microspheres, nanocubes, nanoplates and nanocrystals and their application to PPCPs 
(atenolol, clofibric acid and diclofenac) removal from wastewater and, the comparison 
of the performance of microspheres, nanocubes, nanoplates and nanocrystals with that 
of O3/UV/TiO2, O3/TiO2 and UV/TiO2. 
Chapter 5 deals with the preparation and characterization of biochar and its application 
to PPCPs (atenolol, clofibric acid and diclofenac) removal from wastewater and its 
comparison with natural zeolite and activated biochar at varying pH and zeolite 
concentration at varying adsorbent ratios. 
Chapter 6 deals with conclusions from the study and recommendations for application 
of O3/UV/TiO2, In2O3 and biochar for removal of PPCPs. 
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Chapter 2  
 
2 Literature review  
  
2.1 Introduction 
2.1.1 Sources of PPCPs in the environment 
The presence of pharmaceuticals in surface waters of Europe (particularly in 
Switzerland, United Kingdom, Italy and Germany) and the United States has 
encouraged several other scientists across the globe to investigate the presence of such 
chemicals in lakes, streams, rivers and reservoirs in their regions. These studies have 
further fueled interest beyond surface water studies to other water resources and 
environmental systems such as groundwater, sediments, landfill leachates and biosolids. 
Over $800 billion dollars of drugs were sold in 2008 worldwide, and the total audited 
and unaudited Global Pharmaceutical Market sales during 2005-2014 increased from 
US $608 billion to US $1057 billion dollars (IMS Health May, 2015). In addition, more 
than 150 different human and veterinary medicines (including prescription and over the 
counter medications) and drug metabolites were detected in the waters of Europe,  USA 
and as far as the Arctic region, which were discharged into the aquatic environment on 
a continual basis from domestic and industrial sewage.  Also, a federal study conducted 
on 74 waterways found that 53 of these waterways that provide drinking water in 25 
states were contaminated with traces of one or more pharmaceuticals. Although there 
are no federal regulations of pharmaceuticals that exist for drinking water or 
wastewater, only 12 of them are currently on the Environmental Protection Agency’s 
list of drinking water standards (Bienkowski, 2013). Sampling performed by the United 
States Geological Survey (USGS) has found that 80% of the streams and a quarter of 
the groundwater resources in the United States are contaminated with a variety of 
medications. The average American uses more than 10 prescription drugs per year and 
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consumes approximately 17 grams of antibiotics alone, which is more than three times 
the per capita rate of consumption in European countries such as Germany. Also, 
farmers dispense approximately 11,000 metric tons of antimicrobial medications every 
year to promote livestock growth (Sonia Shah, 2010).  
Non-steroidal anti-inflammatory drugs (NSAIDs), Lipid regulator agents, Beta-blockers 
and Antiepileptics are among the various categories of pharmaceuticals often found as 
persistent toxic waste and are most widely used drugs in the world.  For example, based 
on 3.05 billion prescriptions for Atenolol, it is considered on 3
rd
 rank as the best selling 
hypertension drug in the world (NDC Health, USA, 2015), While Diclofenac 2011 sales 
were at $1.61 billion putting it at 12
th
 rank in the top 20 generic molecules worldwide 
(Fierce Pharma, 2014). Clofibric acid, a metabolite of the lipid regulator clofibrate was 
the first drug to be detected in water which enabled to detect concentration of other 
PPCP compounds in water. Clofibric acid has been detected at a concentration of 
103ng/L at A.H. Weeks Water Treatment Plant inlet in Windsor, Ontario, Canada, a 
city that relies on the Detroit River for its drinking water source.  Similar findings have 
been reported for European surface waters (Stan et al., 1994; Stumpf et al., 1996; 
Ternes, 1998; Daughton and Ternes, 1999). Due to the decline in the use of clofibrate in 
the United States (WHO, 1996), clofibric acid is not present in Mississippi River and 
Lake Pontchartrain waters (Boyd et al., 2003).  
Increasing interest in water reuse and public health concerns about micro-pollutants 
originating from a variety of pharmaceuticals, personal care products and common 
household chemical agents has raised concerns about the fate and transformation of 
these chemicals and their removal from water.   
Increasing quantities of PPCPs are entering the environment due to growing use by 
humans and domestic animals.  In addition to antibiotics and steroids, over 100 
individual PPCPs have been identified (as of 2007) in environmental samples and 
drinking water. Sewage systems are not equipped for PPCP removal. Currently, there 
are no municipal sewage treatment plants that are engineered specifically for PPCP 
removal or for other unregulated contaminants. Effective removal of PPCPs from 
12 
 
treatment plants varies based on the type of chemical and on the individual sewage 
treatment facilities.  The risks are uncertain. While the major concerns have been the 
resistance to antibiotics and disruption of aquatic endocrine systems by natural and 
synthetic sex steroids, many other PPCPs have unknown consequences. There are no 
known human health effects from such low-level exposures in drinking water, but 
special scenarios (one example being fetal exposure to low levels of medications that a 
mother would ordinarily be avoiding) require more investigation.  Most 
pharmaceuticals retain their chemical structure in order to exert therapeutic effect. This 
characteristic, along with the continuous release of pharmaceuticals into the 
environment, may enable them to persist in the environment for extended periods of 
time (Ternes, 2000).  
 
2.1.2 Pathways of pharmaceuticals in the environment 
Pharmaceuticals from biosolids are leached into surface water and groundwater by 
rainfall and snowmelt (Ternes et al., 2004). Veterinary pharmaceuticals enter into the 
environment either by seepage from manure lagoons or deposited onto the ground 
directly from manures. Studies conducted on pharmaceuticals come from Europe 
(Kreuzinger et al., 2004 and Heberer et al., 2004) followed by those that in United 
States (Bruchet et al., 2005). These studies have produced most of the data on the 
presence of pharmaceuticals in drinking water, rivers and wastewaters.  
Figure 2.1 depicts number of sources and pathways through which pharmaceutical 
substances enter into the environment mainly from wastewater treatment plants 
(WWTPs) discharges or land application of animal manure and sewage sludge that are 
used in human and veterinary medicine.  Transformation of most of these active 
ingredients occurs partially in the body and gets excreted into the sewage systems as a 
mixture of bioactive and metabolites forms.  
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Figure 2.1.  Occurrence of pharmaceutical and its metabolite residues showing possible 
sources and pathways in the aquatic environment (Heberer and Adam, 2002a). Residues 
of animal excretions reaching surface waters or municipal STPs are represented by 
astrick. 
 
2.1.3 Classification of PPCPs 
The various categories of PPCPs that are classified based on their therapeutical groups 
are Analgesics (diclofenac, naproxen, ibuprofen, ketoprofen and 
paracetamol/acetaminophen), antibiotics/antimicrobials (sulfamethoxazole,   triclosan, 
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trimethoprim, erythromycin and ciprofloxacin), antihyperlipidemics (clofibric acid, 
bezafibrate and gemfibrozil), sun-screen products (e.g., methylbenzylidene camphor), 
diagnostic agents (e.g., x-ray contrast media), cosmetics, fragrances (musks, tonalide 
and galaxolide), nutraceuticals (e.g., vitamins), excipients (or inert ingredients used in 
manufacturing and formulation of PPCPs) and other compounds (caffeine, bisphenol A 
and carbamazepine).  Many of the sources of these PPCPs are derived from human 
activity, residues from hospitals and pharmaceutical manufacturing, antibiotics and 
steroids, illicit drugs and agribusiness. PPCPs find their routes to (a) both surface water 
(rivers, lakes, marine, streams) and groundwater; (b) solids (soils including agricultural 
lands and sediments), (c) biota, and (d) air. Most of these drugs have insufficient vapor 
pressures but gain entry to air while sorbed to fine particulates through dispersal (e.g., 
use of medicated feed dusts in confined animal feeding operations) (Daughton 2007). 
 
2.1.4 Fate of Pharmaceuticals in the environment 
The concentrations of PPCPs in surface water are higher than in groundwater by a 
factor of 10 (Susan et al., 2008). Several physicochemical processes in water systems 
play an important role in altering the pharmaceutical persistence and concentration in 
the environment regardless of its entry route (Gurr and Reinhard, 2006). The fate of 
PPCPs is divided into transport, sequestration and degradation categories: a) transport 
of particulate and dissolved constituents from the point of entry; b) sequestration of 
PPCPs in various environmental compartments; and c) deposition of particles, 
bioconcentration and sorption without degradation of pharmaceuticals and stored 
temporarily in other matrices or compartments. 
Biodegradation (Snyder et al., 2004), (Quintana et al., 2005), (Perez et al., 2005, Kim et 
al., 2005, Carucci et al., 2006, Lindberg et al., 2006), photolysis (Perez-Estrada et al., 
2005, Lin et al., 2005, Andreozzi et al., 2003, Kwon et al., 2005, Lam et al., 2005, 
Packer et al., 2003) and hydrolysis (Quintana et al., 2005) are three processes in the 
aquatic environment that most likely mineralize or transform PPCPs as shown in Figure 
2.2.  
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Figure 2.2. Physical processes that affect the environmental concentrations of PPCPs 
(Meade H. R., 1995, U.S. Geological Survey Circular 1133, p. 114-135) 
 
2.1.5 Occurrence of Pharmaceuticals in the environment 
Pharmaceuticals have been detected frequently in the environment even after 
incomplete removal from wastewater treatment or additional removal after discharge as 
shown in Table 2.1 and Table 2.2, which also presents the concentrations of 124 
compounds found in surface-water samples. These chemicals are moderated either by 
dilution, biological degradation, sorption to the solid particles settled out of the waste 
stream or oxidation by disinfection in wastewater treatment (Ternes et al., 2004).   The 
concentrations of these pharmaceuticals range from low parts-per-billion (low 
micrograms-per-liter (μg/L)) to high parts-per-trillion (nanograms-per-liter (ng/L)) in 
liquid effluents, whereas in biosolids they occur at parts-per-million (milligrams-per-
kilogram (mg/kg)) level (Table 2.1 and 2.2). 
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Table 2.1.  Concentrations of Pharmaceuticals in Sludges, Biosolids and Groundwater, 
reported in the literature since 2004 
 
Compound 
Sludge and 
Biosolid 
Concentration 
mg/kg 
 
References 
Groundwater 
Concentration 
µg/L 
 
References 
Clofibric 
acid 
0.087 only Ternes et al., 
2004 
nd - 0.29 
nd - 0.125 
Scheytt et al., 2004 
Heberer et al., 2004 
 
Diclofenac 
0.31 - 7.02 Ternes et al., 
2004 
nd - 0.05 
nd - 0.9 
nd - 0.035 
Scheytt et al., 2004 
Kreuzinger et al., 2004  
Heberer et al., 2004 
 
Table 2.2. Concentration of Pharmaceuticals in Wastewater Influents, Effluents and 
Surface Water, reported in the literature since 2004 
Compound WWTP 
Influent 
Conc., µg/L 
WWTP 
Effluent Conc., 
µg/L 
Surface 
Water Conc., 
µg/L 
Reference 
 
 
Atenolol 
nd - 0.74 nd - 1.15 nd - 0.25 Gros et al., 2006 
0.03 only 0.16 only 0.06 max Bendz et al., 2005 
 0.466 med 0.017 med Zuccato et al., 2005 
  0.042 max Castiglioni et al., 2004 
 0.19 med  Paxeus et al., 2004 
 
 
Clofibric  
Acid 
nd – 0.36 0.02 – 0.03 0.01 – 0.02 Gros et al., 2006 
0.163 ave 0.109 ave 0.279 ave Quintana et al., 2004 
  nd - 0.022 Wiegel et al., 2004 
nd – 0.651 nd – 0.044  Zhang et al., 2007 
0.34 only   Wolf et al., 2004 
 nd – 0.038  Brun et al., 2006 
  0.003 - 0.027 Roberts et al., 2006 
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Compound 
WWTP 
Influent Conc., 
µg/L 
WWTP 
Effluent Conc., 
µg/L 
Surface 
Water Conc., 
µg/L 
 
Reference 
 
 
 
 
 
 
 
 
 
 
 
Diclofenac 
 
 
0.16 only 0.12 only 0.12 max Bendz et al., 2005 
0.05 – 0.54 nd – 0.39 nd – 0.06 Gros et al., 2006 
2.333 ave 1.561 ave 0.272 ave Quintana et al., 2004 
  nd – 0.069 Kosjek et a., 2005 
0.46 ave  0.4 ave   Vieno et al., 2005 
0.28 ave  1.9 ave nd – 0.282  Quintana et al., 2005 
0.905 – 4.11 0.78 – 1.68  Clara et al., 2005 
0.901 – 1.036 0.261 – 0.598  Roberts et al., 2006 
0.14 med  0.14 med  Lishman et al., 2006 
0.05 – 2.45  0.07 – 0.25  Lee et al., 2005 
 nd - 2.349   Ashton et al., 2004 
0.33 – 0.49   Thomas et al., 2005 
 nd  - 0.5  Brun et al., 2006 
 0.01 - 0.04  Lindqvist et al., 2005 
4.1 only    Wolf et al., 2004 
 0.29 med nd – 0.089 Paxeus et al., 2004 
 0.032 – 0.457  Verenitch et al., 2006 
 0.06 - 1.9 nd – 0.003 Gomez et al., 2006 
nd = not detected; concentration reported: max = maximum concentration; med = 
median concentration; only = only measured concentration and ave = average 
concentration  
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Over 120 chemicals have been reported in the literature between 2004 and 2006 as 
shown in Table 2.1 and Table 2.2 for the concentrations of atenolol, clofibric acid and 
diclofenac in all the major compartments of wastewater influent and effluent, surface 
water, ground water, sludge and biosolids. In water and sludge, 67 chemicals in 
wastewater influents, 22 in biosolids and 105 in WWTP effluents have been detected, 
while 35 each have been detected in groundwater and drinking water, 4 in sediments 
and 124 in surface water samples.  
Wastewater treatment produces about 50% of the biosolids that are spread as a soil 
amendment on agricultural lands and land reclamation with the remainder destroyed 
through incineration or disposed of in landfills (USEPA 1999 and 2003).  
 
2.1.6 Environmental Risk Assessment 
Low biodegradability and relatively persistent compounds and break-down products of 
pharmaceuticals have been found in water, so further research is needed in this area. 
There is need for predictive models to predict fate and effects. Other areas requiring 
further investigation include expanded environmental studies on environmental 
concentrations; laboratory and field studies on chronic effects and Acute to Chronic 
Ratio (ACR); field studies on population effects; improved exposure scenarios; and 
effect of mixtures on aquatic and terrestrial species. There is also a need to consider 
best practices, e.g., new technologies for wastewater treatment plants, good veterinary 
and agricultural practices, good manufacturing practices, and disposal programs. The 
Environmental risk assessment (ERA) for pharmaceutical substances consists of two 
phases. If exposure assessment in surface water triggers PECwater > 0.01 µg/L in Phase I 
then they are extended to Phase II tests which consists of two tiers. Studies are 
conducted in surface water and in wastewater treatment plants for acute 
ecotoxicological tests and its fate in Tier A while bioaccumulations, chronic effects, 
sorption onto soils and transformation are investigated further in Tier B.  Therefore 
ERA has been prioritized for targeted monitoring based upon their predicted 
environmental concentration (PEC), predicted no-effect concentration (PNEC) and 
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persistence, bioaccumulation and toxic (PBT) properties for regulatory purposes 
(Carlsson et al., 2006a). Further in Phase II, based on Tier A results, an action plan is 
generated. For example, if PECsurface water/PNECwater < 1.0 then it requires no further 
aquatic testing and if PECsurface water/PNECwater > 1.0 or PEC/PNECGroundwater > 1.0 or 
PECSurfaceWater/PNECMicroorganism > 0.1 then it requires Tier B assessment (Merrington et 
al., 2014). 
Climate changes especially in poor and arid countries where there is insufficient water 
and few resources, recycling of wastewater into drinking water enriches the 
concentrations of contaminants and pharmaceuticals within a closed cycle (Klaus 
Kummerer, 2014). Human health can also be affected due to our drugged environment 
especially antibiotics in the environment. For example, scientists have found that 
antibiotic-resistant bacteria population is 70% more common where livestock in dairy 
farms are treated and from lakes that receive hospital effluents compared to 
uncontaminated environment (Joakim Larsson, 2010). Similarly, low concentrations of 
antibiotics such as triclosan, erythromycin and trimethoprim if exposed to water fleas 
simultaneously will result in skewing of sex ratios in water fleas, but have no adverse 
effect as individual compounds. Similarly Ketoprofen, an arthritis drug is also known to 
be toxic to birds. 
Many PPCPs have the potential to produce acute or chronic adverse effects on 
ecosystems and humans. Therefore there is a need to develop effective technologies for 
their removal from water. Acute effects of pharmaceuticals exposure focuses on 
environmental toxicology rather than chronic effects. Exposure risks and effects on 
aquatic organisms are much greater than those for humans. Aquatic organisms have 
multi-generational, continual and high concentration exposures of PPCPs and their low 
dose effects in untreated water.  
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2.1.7 Natural Organic Matter and Brominated species in 
natural waters 
Presence of a heterogeneous mixture of natural organic matter (NOM) in water supplies 
is another great concern (Boyer and Singer 2008; Sharp et al., 2006) as it comprises of 
fulvic acid (FA), humic acid (HA), proteins, carbohydrates and lignins (Chen et al., 
2002; Her et al., 2002). Properties such as taste, color and odor are affected in water by 
the presence of NOM as it is an important factor which determines doses that are 
needed for disinfectant and coagulation. Compounds such as atrazine, also competes 
with NOM (Li et al., 2003a). Disinfection byproducts (DBPs) are produced when NOM 
reacts with disinfectants that are harmful to human beings (Ivancev-Tumbas et al., 
1999); The operability and effectiveness of the treatment processes is strongly impacted 
by the presence of NOM. Fouling of membranes takes place due to NOM (Lee et al., 
2005); Pore blocking is enhanced by NOM as its decreases the adsorption capacity of 
powdered activated carbon/granular activated carbon (Li et al., 2003b). Hence in most 
water purification systems the priority is to remove NOM. Ozonation (Selcuk et al., 
2007), adsorption, and coagulation (Ho and Newcombe 2005), biodegradation (Leiknes 
et al., 2005), membrane filtration and ion exchange (Bolto et al., 2002) are some of the 
current options for the removal of NOM. Almost 90% removal of NOM was observed 
by Wang et al., 2010 in 15min using carbonaceous nanoparticles and alum coagulation. 
The two main mechanisms of coagulation are sweep flocculation and charge 
neutralization (Duan and Gregory 2003). Many factors aid in the removal of NOM 
which include concentration of NOM, pH or hydrogen ion concentration, coagulants 
dosage, alkalinity of raw water and intensity of mixing (Franceschi et al., 2002; Volk et 
al., 2000). 
Further, chlorination of drinking water reacts with dissolved organic carbon (DOC) and 
bromide resulting in the formation of halogenated disinfection by-products (DBPs) 
which are more harmful than chlorinated counterparts (Attias et al., 1995; Plewa et al., 
2002). The free chlorine (HOCl) oxidizes bromide forming hypobromous acid (HOBr) 
which react with natural organic matter (NOM) forming DBPs, haloacetic acids (HAA) 
and trihalomethanes (THMs). Currently these are regulated under the Stage 1 
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Disinfectants and Disinfection By-Products (D/DBP) by US Environmental Protection 
Agency (US EPA, 1998). As per Oliver, 1983; Symons et al., 1993, more brominated 
species of DBP will form due to high dose  ratios of Br
-
/Cl2 and Br
-
/DOC. 
Nanofiltration, enhanced coagulation and activated carbon adsorption were used to 
remove DBP prior to chlorination but that lead to removal of DOC. An expensive 
technology involving membrane processes such as reverse osmosis or anion exchangers 
may be used to remove DBP to protect human health. During water treatment, oxidizing 
agents generate bromate anions from bromide anions present in water resources (U. von 
Gunten, 2003) that are highly toxic to humans. The maximum concentration of 
bromated anions permitted in drinking water is 25μg/L as per World Health 
Organization (WHO). 
 
2.1.8 Stages of a Wastewater Treatment Plant 
Figure 2.3 shows various stages of primary, secondary and tertiary treatments in a 
wastewater treatment facility. Primary treatment or mechanical treatment is the first 
stage of the treatment process which includes screening to trap large objects, suspended 
and floating solids from raw sewage followed by grit channel which allows grit, stones 
and sand to settle at the bottom of channel. The grits and larger objects are taken to 
landfill site for disposal. The sewage then passes through the sedimentation tanks or 
primary clarifiers where suspended solids are removed by gravity through addition of 
chemicals to accelerate the process and the floating oil and grease is skimmed off. 
Around 20-30% BOD and 50-60% total suspended solids (TSS) are removed in the first 
stage of treatment process. Secondary or biological treatment is the second stage of the 
treatment process where microbes consumes organic matter as food that escapes 
primary treatment and convert them to carbon dioxide, water and energy. In the aeration 
tank, vigorous mixing of air with wastewater in presence of microorganisms can work 
more efficiently and more of the suspended solids are removed by additional settling 
tanks where 90% organics are removed by processes that include trickling filters, 
activated sludge, biotowers, oxidation ditches and other forms that break down organic 
matter utilizing biological activity.  
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Figure 2.3. Various stages of a conventional wastewater treatment plant (Sherry S., and 
Karl A., 2006) 
The water is pumped to secondary clarifier after biological treatment where any 
remaining microorganisms or solids settle at the bottom and continues on to 
disinfection. Tertiary treatment is an additional and advanced treatment technique that 
produces an effluent equivalent to drinking water quality which removes almost 99% of 
all impurities including nitrogen and phosphorus from sewage. Before effluent is 
discharged, disinfection with chlorine, ultraviolet radiation or ozone can be the final 
step to reduce the number of microorganisms in the water that is discharged back into 
the environment.  
According to Roberts and Thomas (2006), up to 90% of ibuprofen was removed by 
wastewater treatment works (WTW) in UK.  Data obtained from the final treated 
effluent collected from Canadian WWTP during the period 1999-2002 showed 
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concentration of selected acidic PhACs from Whitby, Ontario by Miao et al. (2002), 
eighteen WWTPs in fourteen municipalities showed prescription and non-prescription 
drugs in small residues by Metcalfe et al. (2003a), and acidic and neutral drugs from 
WWTP effluents for the cities of Windsor, Peterborough and Burlington, Ontario Hua 
et al. (2006), Metcalfe et al. (2003b).  Miao et al. (2002), Metcalfe et al. (2003a) and 
Hua et al. (2006) reported maximum concentrations of 28.4 µg/L of Diclofenac and 
0.076 µg/L of Clofibric Acid in treated effluent samples collected from Canadian 
WWTPs. Similarly 0.194 µg/L of Diclofenac and 0.175 µg/L of Clofibric acid were 
reported in surface waters of Lake Erie, Lake Ontario and Great Lakes Basin in Canada 
adjacent to discharges of effluent from sewage treatment plant effluents during 1999-
2002. According to Ternes 1998 and Heberer 2002 a,b the maximum concentrations of 
drugs in Canada appeared to be greater compared to Switzerland or Germany in final 
effluents of WWTP for Ibuprofen, salicyclic acid, naproxen and anti-inflammatory 
drugs.   
 
Figure 2.4. Adelaide wastewater treatment plant, London, ON, Canada  
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For the present study, among the six STPs, the target waters were secondary effluent 
from Adelaide wastewater treatment plant, London, ON, Canada shown in Figure 2.4. 
The present research aims at exploring and validating an advanced oxidation method 
(photocatalysis of TiO2/O3/UV) for the degradation of Diclofenac, Clofibric acid and 
Atenolol which are widely consumed in high amounts in industrialized countries as 
well as around the world. The research will also focus on kinetic studies that are needed 
to identify the degradation of Diclofenac, Clofibric acid and Atenolol to obtain data for 
the evaluation of their post treatment toxicity in a future study. 
 
 
2.1.9 Comparison of various treatment technologies and 
percent removal of target PPCPs 
 
A comparison of different literature studies shown in Table 2.3 shows maximum 
percent removal by various treatment methods adopted for various types of water. Most 
of the previous studies have  been conducted on the removal of ATN, CFA and DCF 
from drinking water, double distilled water, Milli Q, river and lake water  
In wastewater, the studies have been limited and it was found that the maximum 
removal efficiency by conventional treatment was 50.1% (MBR 87.4%) for diclofenac, 
27.7% (MBR 86%) for clofibric acid, and 55% (staged anaerobic fluidized membrane 
bioreactor (SAF-MBR, 98-100%) for atenolol. Hence the hypothesis for the present 
research will be based on further studies in wastewater using a combination of different 
techniques.  
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Table 2.3. Comparison of various treatment technologies and their removal efficiency             
from various types of water matrices for the three target PPCP compounds 
 
Compound 
Type of 
Water 
Treatment 
Method 
% Removal References 
 
 
 
 
Atenolol 
(Beta-
blockers) 
 
 
Wastewater 
Conventional 
biological 
treatment 
10%  in winter 
months 
55% in summer 
months 
 
Castiglioni et 
al., 2006 
Wastewater MBR 77% Kim et al., 
2014 
Wastewater SAF-MBR 98-100% Dutta et al., 
2014 
Secondary 
Effluent 
Ferrate VI (Conc. 
5mg/L  at pH 6) 
28.4% Zhou and 
Jiang, 2015 
Milli-Q 
Ultrapure 
Water 
Secondary 
Treated 
Effluent 
Solar 1kW lamp 
(Xe-OP)/TiO2  
H2O2/Degussa P25 
(250mg/L) 
TiO2 = 2g/L 
80% in 120min 
at pH 8 
76% in 120min 
 
17% in 30min 
 
Ioannou et al., 
2011 
Milli-Q Water High pressure 
mercury lamp= 
125W, TiO2=2g/L 
Conc.=37.6µM 
Completed in 
60min 
 
Ji et.al., 2013 
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Diclofenac 
(Anti-
inflammatory 
drug) 
 
Wastewater NA 69% Ternes et al., 
1998 
Distilled and 
drinking 
water 
O3/H2O2 100% Zwiener and 
Frimmel, 2000 
Distilled 
water 
Ozonation 100% Zwiener and 
Frimmel, 2000 
Milli Q, river 
and lake 
water 
Ozonation 97% Huber et al., 
2003 
Different 
samples 
NA 53-74% Clara et al., 
2005 
Wastewater Activated 
Sludge 
7-29% Clara et al., 
2005 
Doubly 
distilled 
water 
H2O2/UV 
(17 W lamp) 
100% Vogna et al., 
2004 
Wastewater Flotation 45% Carballa et al., 
2005 
Wastewater NA -34% Lishman et al., 
2006 
Wastewater MBR 87.4% Radjenovic et 
al., 2007 
Wastewater Conventional 
Treatment 
50.1% Radjenovic et 
al., 2007 
NA = Not Available 
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Clofibric acid 
(Lipid 
regulators, 
Antiphlogistics) 
Distilled and 
drinking 
water 
Wastewater 
O3/H2O2 
 
Pilot WWTP 
and biofilm 
reactor 
97.9% 
 
5% 
Zwiener and 
Frimmel, 
2000 
2003 
Distilled and 
drinking 
water 
Ozonation 
(0.5mg/L O3 
dose) 
 
(2.5- 3.0mg/L 
O3 dose) 
10-15% 
 
40% (20 min) 
 
Ternes et al., 
2002 
Aqueous 
solution 
 
Ozonation 
100% in 20 min 
(34% 
mineralization) & 
60 min (48%  
mineralization) 
 
Andreozzi et 
al., 2003 
Aqueous 
solution 
H2O2/UV  
(17W lamp) 
100% (60 min) Andreozzi et 
al., 2003 
Ultrapure 
water 
Photocatalysis 
(TiO2/Solar) 
99.7% (50 min) Doll and 
Frimmel, 
2005 
Wastewater MBR 71.80% Radjenovic et 
al., 2007 
 
Wastewater 
MBR 
Conventional 
Activated 
Sludge 
72-86% 
 
26-51% 
 
 
Radjenovic et 
al., 2009 
 
Wastewater 
Conventional 
WWTP 
Tertiary 
treatment  
(chemical + 
sand filter) 
55% 
 
61% 
 
Zorita et al., 
2009 
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2.1.10 Physico-chemical properties of target PPCP 
compounds 
Table 2.4.   Test compounds with its IUPAC names and chemical structure     
 
Compound Structure 
 
Atenolol 
IUPAC:  2-{4-[2-hydroxy-3-(propan-2-
ylamino) propoxy] phenyl}acetamide 
 
Clofibric Acid 
IUPAC:  2-(4-Chlorophenoxy)-2-methyl 
propanoic acid 
 
 
Diclofenac  
IUPAC: Sodium;2-[2-(2,6-dichloroanilino) 
phenyl] acetate  
 
Table 2.4 shows the chemical structure of the target PPCP compounds (ChemSpider). 
Atenolol shows methyl, amino and hydroxyl moieties while methyl and carboxylic acid 
moieties exist for Clofibric Acid whereas Diclofenac shows acetic acid, amino and 
phenyl moieties. Presence of various heteroatoms such as N, Cl, O and Na in these 
organic compounds determines its solubility with various solvents by the interaction of 
these specific heteroatoms causing high polarizability (Zilnik et al., 2007).  
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Table 2.5. Physico-chemical properties of test compounds  
Properties Atenolol Clofibric Acid Diclofenac Sodium 
Therapeutical Group β-blocker Lipid regulator 
and Cholesterol 
lowering drugs 
Non-Steroidal Anti- 
Inflammatory Drug 
Brand Name Tenormin, 
Normiten, 
Blokium 
Atromid-S Cambia, Zipsor, 
Cataflam,Voltaren,  
Zorvolex 
CAS Number 29122-68-7 882-09-7 15307-79-6 
Category Basic Acidic Acidic 
Chemical Formula C14H22N2O3 C10H11ClO3 C14H11Cl2NO2.Na 
Molecular Weight (g/mol) 266.34 214.65 318.13 
Vapor Pressure (mm Hg) 2.92 x 10
-10
 1.13 x 10
-4
 4.75 x 10
-14
 
Water Solubility at 20
o
C 
(mg/L)* 
26500 at 37
o
C 583 2370 
pKa at 20
o
C 9.6 3.2 4.15 
log Kow 0.16 2.57 4.51  
0.7 (DCF-Na) 
Henry’s Law Constant (atm-
m
3
/ mole) 
1.37 x 10
-18
 2.19x 10
-8
 4.73 x 10
-12 
(DCF) 
Atmospheric OH Rate 
Constant (cm
3
/molecule-sec) 
1.38 x 10
-10
 7.75 x 10
-12
 1.64 x 10
-10
 
* Benner et al., 2009 
Table 2.5 shows a summary of some of the physico-chemical properties of Atenolol, 
Clofibric Acid and Diclofenac (ChemID Plus). The physical and chemical properties 
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helps to determine if a compound is most likely to concentrate in the atmospheric 
environmental or aquatic or terrestrial compartments based on pKa, log Kow, Henry’s 
Law constant or vapor pressure. Non-ionized or ionized chemical form is determined by 
the compounds pKa and pH of the medium. For the present study, three different 
therapeutic groups categorized into basic and acidic drugs were chosen. The acid 
dissociation constant (pKa) values ranged from 3.2 to 9.6 and the octanol water 
partition coefficient (log Kow) ranged from 0.16 to 4.51.   
  Table 2.6.  Uses, toxicity and byproduct/degradation products for test compounds  
Compound Uses Side effects/Toxicity By Products/Degradation 
 
 
 
Atenolol 
Treat angina 
(chest pain), 
high blood 
pressure (hyper 
tension), 
irregular heart 
beat (cardiac 
dysrhythmias) 
and reduction 
of heart 
complication 
following heart 
attack 
(myocardial 
infarction) 
 
Tiredness, dizziness, 
drowsiness, depression,  
lightheadedness, nausea, 
diarrhea, unusual weight 
gain, swelling of the 
hands, feet, ankles or 
lower legs 
3-(isopropylamino) propane-1,2-
diol;  
p-hydroxyphenyl acetamide   
4-[2-hydroxy-3-(isopropyl amino) 
propoxy] benzalde -hyde 
(Ji et al., 2013) 
 
 
Clofibric 
Acid 
 
Decreases 
triglycerides 
and cholesterol 
production. 
Plant growth 
regulator 
against plant 
hormone auxin 
anorexia; nausea; gastric 
discomfort; stomatitis; 
headache; dizziness; skin 
reaction; myotoxicity; 
fatiguealopoecia; vertigo; 
vomiting; impotence; 
anaemia; leucopenia; 
diarrhoea; thrombo 
cytopenia; weight gain; 
flatulence; drowsiness; 
hepatomegaly. Increased 
incidence of cholecystitis, 
gallstones and pancreatitis 
 
 
hydroquinone, 4-chlorophenol and 
isobutyric acid 
(Doll and Frimmel, 2004) 
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Diclofenac 
Treat Cancer, 
musculoskeletal 
complaints, 
reduce 
inflammation, 
pain and 
stiffness from 
menstrual 
cramps 
Gastrointestinal, cardiac, 
renal, hepatic. Toxicity: 
Oral (LD50): Acute: 53 
mg/kg [Rat], 95 mg/kg 
[Mouse], 157 mg/kg 
[Rabbit]. Degeneration of 
tubular epithelial cells, 
hyaline droplets and 
interstitial nephritis 
2-chloroaniline;2,6-Dichloro 
phenol; 2,6-dichloroaniline; 1-(2,6-
dichlorophenyl)indolin-2-one; 2-(2-
chlorophenylamino) benzaldehyde; 
2,6dichloro-N-o-tolylbenzenamine; 
9H-carbazole-1-carbaldehyde; 8-
chloro-9H-carba zole-1-carbalde 
hyde; 2-(2,6-dichlorophenylamino) 
benzaldehyde (Bartels et al., 2007) 
 
Table 2.6 provides a summary on therapeutical uses, toxicity and by product or 
degradation products formed for the target compounds through various treatment 
processes. PPCP compounds find several applications. For example Diclofenac, a 
NSAID compound is used to reduce inflammation, pain and stiffness from menstrual 
cramps, arthritis, and similar conditions. Clofibric acid, a fibrate drug under an 
antihyperlipidemics decreases triglycerides and cholesterol production and increases 
high-density lipoprotein production, and Atenolol a beta-blocker is used in the 
treatment of hypertension and angina (chest pain) and prevents heart attack. 
Based on Henry’s Law constant (Hc) and Kow, during wastewater treatment 
volatilization losses of organic compounds can be estimated using the following 
empirically defined categories:  
 
Hc > 1 x 10
-4
 and Hc/Kow > 1 x 10
-9
           High-volatilization potential 
Hc < 1 x 10
-4
 and Hc/Kow < 1 x 10
-9
           Low-volatilization potential 
 
As per Table 2.4, Hc values of ATN, CFA and DCF are very low and is lesser than 1 
x 10
-4
   and the ratio of Hc/Kow is also less than 1 x 10
-9
 which indicates that the 
selected PPCP compounds exhibit very low-volatilization potential.  
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Table 2.7. Log Kow versus Sorption Potential 
Log Kow Sorption Potential 
log Kow <2.5 Low 
2.5<log Kow <4.0 Medium 
log Kow >4.0 High 
 
Based on Table 2.7, compounds with log Kow higher than 4.0 may have a higher 
tendency to sorb to soil or sludge and are more hydrophobic as in the case of diclofenac 
the log Kow values are 4.51, while a medium sorption is observed for compounds 
exhibiting log Kow between 2.5 and 4.0 as in the case of Clofibric acid with log Kow 
values of 2.57 and low sorption potential is observed for compounds with log Kow less 
than 2.5 as in the case of Atenolol with log Kow values of 0.16. Based on these values, 
either an electrostatic attraction or repulsion can take place between the solute and the 
adsorbent.  
In order to oxidize most of the organic and inorganic compounds from water, there is a 
need to study various oxidizing species that could generate high oxidation power to 
degrade the contaminants. Therefore a comparison among the relative oxidation power 
of various oxidizing species, are represented in Table 2.8.  Among all the oxidizing 
species, hydroxyl radical and TiO2
+
 exhibit highest oxidation power. The hydroxyl 
radicals (·OH) are generated in Advanced Oxidation Processes which will act rapidly 
with most of the organic compounds due to its relative high oxidation power of 2.05 
which acts as a powerful, non-selective chemical oxidant.  
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Table 2.8. Some oxidizing species with their relative oxidation power (Carey, 1992 and 
Techcommentary, 1996)  
 
Oxidizing species Relative oxidation power 
Chlorine 1.00 
Hypochlorous acid 1.10 
Hydrogen Peroxide 1.31 
Ozone 1.52 
Atomic oxygen 1.78 
Hydroxyl radical  2.05 
TiO2
+
 2.35 
 
Table 2.9 provides the reaction rate constants which vary widely in the range from 0.01 
to 10
3
 M
–1
 s
–1 
of molecular ozone and hydroxyl radicals with different organic 
compounds. All organic compounds are aggressively attacked by the generated 
hydroxyl radicals typically million to a billion times faster compared to hydrogen 
peroxide and ozone. The treatment costs are thus greatly reduced including system size. 
Addition and hydrogen abstraction are the two types of possible initial attacks that take 
place by hydroxyl radicals depending on the nature of organic species. For the first 
type, hydroxyl radicals add to the contaminants such as aromatic or olefins leading to 
mineralization or abstraction of hydrogen atom from alkanes or alcohols leading to 
formation of water. Thus the destruction rate of contaminant is directly proportional to 
contaminant rate constant with hydroxyl radical.  As shown in Table 2.9, alkanes are 
very difficult to be oxidized due to their smaller rate constants whereas chlorinated 
alkenes due to presence of double bond are attacked most efficiently by hydroxyl 
radicals.  
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Table 2.9. Organic compounds with reaction rate constants of ozone vs. hydroxyl 
radical (The UV/Oxidation Handbook) 
Compound O3 
(k, M
-1
 s
-1
) 
·OH 
(k, M
-1
 s
-1
) 
Chlorinated alkenes 10
-1
 – 103 109 - 1011 
Phenols 10
3
 10
9
 - 10
10
 
N-containing Organics 10 – 10
2
 10
8
 - 10
10
 
Aromatics 1 – 10
2
 10
8
 - 10
10
 
Ketones 1 10
9
 - 10
10
 
Alcohols 10
-2
 - 1 10
8
 – 109 
Alkanes 10
-2
  10
6
 – 109 
  
 
2.2 Advanced Oxidation Processes 
Advanced Oxidation Process (AOP) refers to the removal of organic and inorganic 
materials by oxidation from water and wastewater by chemical treatment procedures. 
The aim of AOP procedure is the purification of wastewater to such an extent that the 
receiving streams get cleaned wastewater after reduction of the chemical contaminants. 
AOP involves generation of highly reactive in situ hydroxyl radicals by a combination 
of one or more of the following oxidants such as UV, H2O2, O3, H2O2/Fe
2+
, UV/O3, 
UV/H2O2, etc (Mustranta and Viikari (1993); Pere et al., (1993); Bowers et al., (1991), 
and Sarikaya and Al-Marshoud (1993).   
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Some of the applications of AOPs are reduction of COD in wastewater and removal of 
chlorinated hydrocarbons from drinking water, biodegradability improvement of 
harmful substances and aqueous solution detoxification (Wedekamp, 1994; Ince, 1999; 
Wenzel et al., 1999). In the present work, pretreatment of wastewater using various 
AOPs such as O3, UV, UV/O3, TiO2, UV/TiO2 and H2O2 will be described.   
 
2.2.1 Advanced Oxidation Methods 
The main mechanism of AOPs function is the generation of highly reactive free 
radicals. •OH is a non-selective oxidant that is able to oxidize a wide range of organic 
molecules with rate constants usually in the order of 10
6
-10
9
 M
-1
 s
-1
 (Andreozzi et al., 
1999). The ·OH radical is among the strongest oxidizing species used in water and 
wastewater treatment and offers the potential to greatly accelerate the rates of 
contaminant oxidation (Zhou et al., 2001). Once generated, the hydroxyl radicals can 
attack organic chemicals by radical addition, hydrogen abstraction and electron transfer 
(Ray et al., 2006). The reaction of hydroxyl radical with organic pollutants leads to the 
complete mineralization to CO2 and H2O. 
Figure 2.5 depicts both photochemical and non-photochemical methods generating 
.
OH 
radicals. A homogeneous process may or may not utilize energy to generate 
.
OH 
radicals. UV radiation alone or a combination of UV such as UV/O3, UV/H2O2, 
UV/O3/H2O2 and Photo-Fenton (UV/H2O2/Fe
2+
) or Ultrasound (US) such as O3/US and 
H2O2/US or Electrical such as electro-fenton, anodic oxidation and electrochemical 
oxidation utililize energy to generate 
.
OH radicals in solution. While some of the 
reactions such as ozonation in the alkaline medium (at pH >8.5), ozone combined with 
hydrogen peroxide and hydrogen peroxide with catalyst utilizes no energy. For a 
heterogeneous process, catalytic ozonation, photocatalytic ozonation and heterogeous 
photocatalysis reactions are involved.  
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For the present study, the secondary effluent will be subjected to both homogeneous 
and heterogeneous processes such as O3, UV, UV/TiO2, O3/UV, O3/TiO2 and 
O3/UV/TiO2 to generate 
.
OH radicals in solution for degradation of PPCPs. 
 
 
Figure 2.5. Classification of Advanced Oxidation Processes into Homogeneous and 
Heterogeneous Processes (Poyatos et al., 2009) 
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2.2.1.1 Ozonation 
Ozone is a colorless or pale blue gas consisting of three oxygen atoms with distinctively 
pungent smell and an allotrope of oxygen that are very unstable with a short half-live as 
per the following reaction mechanism: 
2O3   → 3O2                      Eq. (2.1) 
The structure of ozone is a bent molecule and is a polar molecule with double bond on 
one side and single bond on the other side with the following bond angles.  
 
In the presence of organic pollutants in water, ozone undergoes three reactions:  1, 3-
dipole (cyclo addition, a Criegee mechanism), a nucleophilic and an electrophilic.   
Ozone is a very strong oxidant and its solubility in water increases by increasing air 
pressure (oxygen) and ozone concentration in the air (oxygen) and decreasing pH, 
amount of solute, excess of UV-light and water temperature. 
The corona discharge element present in the ozone generator provides a capacitive load 
which ruptures the stable oxygen molecule forming two oxygen radicals that further 
combine with oxygen molecules to form ozone.  A dielectric controls and maintains the 
electrical discharge in glass or ceramic and is often cooled by air or cooling water to 
remove the excessive heat from the electrodes shown in Figure 2.6 (Oxidation 
technologies, 2014).  Pure oxygen supplied from an oxygen generator is used for the 
production of ozone.   
Air dryers, air and dust filters are used to condition this. Ozone destructors are used to 
break down the left over of ozone after use, such as magnesium oxide catalyst which 
accelerates decomposition of ozone into oxygen. Over 90% of the power supplied to the 
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ozone generator is utilized to produce sound, light and primary heat, which is a very 
energy-intensive process. Inlet gas oxygen concentration, purity and humidity of the 
inlet gas, electrical parameters and cooling water temperature are some of the important 
factors optimized to influence high ozone generation and minimize energy usage 
(Lenntech, 2007).  
 
Figure 2.6. Ozone production from corona-discharge (Oxidation technologies, 2014) 
 
In natural waters, the ozone decay into OH-radicals is characterized by a fast initial 
decrease of ozone which is followed by first order kinetics where ozone decreases in 
the second phase (Arooj et al., 2014).  The half-life of ozone varies from seconds to 
hours depending on the quality of water, and the factors that influence ozone 
decomposition are pH, temperature, UV light, concentrations and environment of 
dissolved matter.  For example, at higher temperature, ozone is less stable and the 
solubility of ozone decreases. The half-life of ozone in water is shorter at pH 7, i.e., at 
15
o
C is 30 min, at 20
o
C is 20 min, at 25
o
C is 15 min and at 30
o
C is 12 min. The 
formation of OH
- 
radicals increases as the pH value increases. In water, ozone 
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decomposes into OH-radicals. Based on the nature of dissolved constituents, substances 
can slow down or inhibit the reaction (scavenging capacity) in decaying of ozone or 
accelerate (promote chain reaction).  
 
 
 
Figure 2.7. Reactions of ozone and dissolved solids * 
 
The scavenging capacity of carbonate (CO3
2-
) ions is much stronger (reaction speed 
CO3
2-
: k = 4.2 x 10
8
 M
-1
s
-1
) than that of bicarbonate (HCO3
-
) ions (reaction speed 
HCO3
-
: k = 1.5 x 10
7
 M
-1
s
-1
) as defined in Figure 2.7 (Lopez et al., 1999). 
kOH-DOC[DOC] + kOH-HCO3
-
[HCO3
-
] + kOH-CO32
-
[CO3
2-
]        Eq. (2.2) 
 
The mass transfer rate of ozone follows a double-layer model and depends on the 
physical properties of gas and liquid, turbulence and concentration difference across the 
surface. The following stages are processed during the transfer of ozone from gas to 
liquid: ozone diffusion across the gas/liquid phase, dissolving into liquid and diffusion 
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into liquid as shown in Figure 2.8. In the liquid phase, Ozone alone can produce 
hydroxyl radicals or can combine with other AOPs to generate hydroxyl radicals that 
react with pollutants and break down partially or completely to harmless intermediates 
and end-products such as carbon dioxide, halide ions and carboxylic acids. Diffuser and 
Venturi are the most common techniques used to inject ozone in water (Lennetech, 
2007). 
 
 
Figure 2.8. Double-layer model for ozone mass transfer (ESCO International) 
 
Ozone decomposition rate increases in water as the pH rises and the half-life of ozone is 
less than 1 min at pH 10. A combination of molecular ozone with 
.
OH radical reactions 
may lead to the oxidation of organic species.   
 
O3   +   OH
-
   →   HO2
•
   +   O2
•-
          Eq. (2.3) 
 
O3   +   O2
•-   → 3O3
•-                                                              
Eq. (2.4) 
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3O3   +   OH
- 
  +   H
+ 
  →   2•OH   +    4O2         Eq. (2.5) 
 
Hydroperoxyl radical HO2
•
 and super-oxide anion radical O2
•- 
are formed by the 
reaction between hydroxide
 
ions and ozone.  This ozone further undergoes reaction with 
super-oxide anion radical forming the ozonide anion radical O3
•-
 which
 
decomposes 
immediately leading to the formation of 
.
OH radical. The above equation shows the 
formation of two 
.
OH radicals from three ozone molecules (Gottschalk, 2000)   
Ozone finds several applications as it is used to reduce acute toxicity of effluents and 
destroys bacteria in the pulp and paper industry (Zmolek, 1977), decoloration of 
wastewater in textile industry (Gough, 1993), effective at dibenzofuran and dibenzo-p-
dioxin destructive oxidation (Hostachy, et al., 1993), treating landfill leachates (Wable 
et al., 1993) and so on. 
 
2.2.1.2   UV 
UV technology has been used for over 25 years. It destroys 99.99% of harmful 
microorganisms without the addition of chemicals or a change in the water’s taste or 
odor, and is considered a safe and cost-effective technology to purify water. It is one of 
the four methods of disinfection approved by the United States FDA. Ultraviolet 
germicidal irradiation (UVGI), kills or inactivates microorganisms, such as viruses, 
bacteria, pathogens and molds, by disrupting their DNA or destroying their nucleic 
acids. This UVGI uses short-wavelength UV-C light and has been used since the mid - 
20
th
 century and finds several applications to disinfection primarily in sterile work 
facilities and medical sanitation, apart from drinking and wastewater treatment 
facilities, and as air purifier. UV is also more effective to both Cryptosporidium and 
Giardia, unlike chlorine, and does not form chemical disinfection by products (DBPs) 
and is easy to maintain with an annual lamp and filter replacements.  
42 
 
In water treatment applications, U.S. EPA suggests UV effectiveness based on its 
transmittance (light reaching the target), flow rate (contact time), outages or fouling or 
lamp age (reduction in UV intensity) and turbidity (cloudiness) rather than measuring 
UV dose. Direct photolysis by UV leads to degradation of organic compounds by light 
absorption.  
 
2.2.1.3  Photocatalytic Metal Oxide (TiO2) 
TiO2 an N-type semiconductor has been used widely since past few years to remove 
organic pollutants from wastewater due to its high photocatalytic activity, low energy, 
environmentally safe and non-toxic (Chen X., and Selloni, A., 2014). Anatase, Rutile 
and Brookite are the three distinct forms of Titanium Dioxide in nature and most widely 
used in industry as a photocatalyst, catalyst or catalyst support. Preparation of thin films 
could be achieved due to its high refractive index in the visible range. Among these 
three, anatase phase is quite unstable at higher temperatures and has an energy band gap 
of 3.2 eV when activated by UV upto a wavelength of 387.5 nm (Martin 1995). The 
optical and electronic properties have been studied well for rutile phase because of its 
most stability and having an energy band gap of 3.0 eV while phase of brookite occurs 
rarely. There are some disadvantages despite many advantages of using TiO2 due to its 
band-gap energy which can just be activated by UV light and constitutes 4-5% in 
sunlight. Another disadvantage is to resolve photo-generated electron-hole pairs during 
recombination.  
An aqueous suspension of TiO2 (metal oxide photocatalyst) in aqueous solutions 
induces very significant generation of HO• due to excitation at or near UV wavelength 
by irradiation of sunlight. The behaviour of aqueous suspensions of TiO2 in the 
presence of DOM is reported in a general scheme of HO• photo-production 
(Konstantinou and Albanis 2004; Murov et al., 1993; Tseng and Haung 1991; Fox 
1993; Chen et al., 2001; Han et al., 2009).  
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Figure 2.9. Schematic diagram of an irradiated TiO2 semiconductor particle with photo-
physical and photo-chemical process (Giwa et al., 2012) 
 
Upon irradiation, a semiconductor photocatalyst generates electron/hole pairs with 
positive holes in the valence band and free electrons produced in the conduction band 
(Bard 1979; Schiavello 1987). Depending on the ambient conditions, the lifetime of an 
electron/hole pair varies from few nano-seconds to few hours (Pleskov and Gurevich 
1986).  
The ability of TiO2 to split water depends on the photogenerated hole lifetime in TiO2 
which is measured over a range of excitation intensities using transient absorption 
spectroscopy.  Depending on the light intensity used from below 1 sun equivalent to 
nearly 1 sun equivalent, the production of quantum yield of oxygen production can be 
estimated (Junwang Tang et al., 2008).   
Organic compounds react with HO• radical (surface-bound or in solution) resulting in 
heterogeneous photocatalytic degradation of organic contaminants in solution (Sun and 
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Bolton 1996; Ullah et al., 1998; Konstantinou and Albanis 2004; Tseng and Haung 
1991; Fox 1993; Han et al., 2009; Prousek 1996; Vione et al., 2001; Munoz et al., 2006; 
Saquib et al., 2008). 
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2-   
+   O2         pKa = <0.35 M
-1
s
-1                          
     Eq (2.11)
    
 
HO2
•   
+
   
HO2
•   →   H2O2
   
+   O2         k = 8.6 x 10
5
 M
-1
s
-1                                                
Eq (2.12)
      
    
HO2
•   
+
   
O2
•-
 
  
+ 
  
H2O 
  →   H2O2
   
+   O2    + OH
-
            k = 1.0 x 10
8
 M
-1
s
-1        
Eq (2.13)
    
 
    H2O2
   
+ hʋ   →      2HO
•        
                                Eq (2.14)
    
                   
   H2O2
    
+   HO
•   →    HO2
•    
+
   
HO2
       
k = 3.0 x 10
7
 M
-1
s
-1     
              Eq (2.15)
    
 
   DOM
•+    
+   HO
•   
  →   the photo degraded products             Eq (2.16)
   
 
Absorption of photons by the functional groups of DOM leads to formation of 
1
DOM
*
 
(singlet excited states) which is further converted into the 
3
DOM
*
 (triplet state) by 
intersystem crossing (ISC) (Eq. 2.6). Similarly absorption of photons by TiO2
 
(Eq. 2.7)
 
leads to the formation of
 
TiO2
+ 
generating
 
TiO2 (e
-
   +   h
+
).  The valence-band holes (h
+
) 
get trapped by surface Ti–OH– groups to yield Ti-HO• radical species (surface-bound 
HO
•
 or HO
•
ads) upon UV irradiation of TiO2 whereas surface and sub-surface Ti
III
 
species are formed by trapping of electrons (e-) in the conduction-band. The latter 
produces perhydroxy radicals (HO2•) after reacting with   O2
•-
 (Eq. 2.9 and 2.10). The 
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photoexcited DOM reacts with oxygen generating superoxide radical anion (O2
•-
) which 
further leads to formation of perhydroxyl radical (HO2
•
) in equilibrium with its 
conjugate acid (Eq. 2.8 and 2.10).  The O2
•- 
and HO2• disproportionates to produce 
H2O2 and gives HO• in solution after photolyzation (Murov et al., 1993; Tseng and 
Haung 1991; Fox 1993; Sakugawa et al. 1990) (Eq. 2.11 – 2.13). Eq. 2.13 shows faster 
reaction due to the presence of O2
•- 
with HO2• than Eq. 2.12 which involves HO2• with 
HO2• and the termination reaction is too slow of the two O2
•- 
radicals (Clark et al., 
2009). Clark et al., 2009; Cabelli 1997 studied the generation of perhydroxyl radical 
(HO2•) with pKa = 4.8, in coastal waters. Eq. 2.14 shows the photolysis of H2O2 
producing 2HO
• 
(Sakugawa et al. 1990) which further reacts with hydrogen peroxide 
generating perhydroxyl radicals (Eq. 2.15). The photoinduced generated hydroxyl 
radical further degrades DOM•+ to produce photo degraded products (Eq. 2.16).  
Figure 2.10 illustrates photogenerated holes that are produced under UV light 
irradiation are mainly responsible for highly hydrophilic conversion but not the 
electrons as per the mechanism. The photogenerated holes produced diffuse to the 
surface that were produced in the bulk of TiO2 and gets trapped at sites of lattic oxygen.  
 
 
Figure 2.10. Schematic illustrations in the dark and under UV light irradiation on TiO2 
film showing reversible changes in amount of hydroxyl groups (Sakai et al., 2003). 
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Most of the trapped holes that were consumed produce OH radicals after reacting with 
adsorbed water or adsorbed organics directly. At the titanium site, coordination of water 
molecules occurs due to breakage of bond between oxygen ions and lattice titanium by 
a small portion of trapped hole reacting with TiO2 itself.  
Number of newly OH groups formation increases at the surface due to release of proton 
for charge compensation by the coordinated water molecules. Compared to initial 
doubly coordinated OH groups, the produced singly coordinated new OH groups are 
thermodynamically less stable by UV light irradiation. The TiO2 surface covered with 
the initial OH groups will have less surface energy than that of the surface of TiO2 
covered with the thermodynamically less stable OH groups. Compared to domains of 
hydrophilic or hydrophobic, the water droplet are larger and resembles a two 
dimensional capillary phenomenon as it spreads instantaneously on such a surface 
completely.  
 
2.2.1.4   Ozone–UV radiation (O3/UV) 
According to Gottschalk, et al., (2000), UV radiation at 254 nm wavelength with its 
extinction coefficient ε254 nm = 3300 M–1cm–1 is readily absorbed by ozone resulting 
in production of oxygen molecule and free oxygen atom (Eq. 2.17) depicted in Figure 
2.11. The free oxygen atom further reacts with water forming an intermediate H2O2 that 
decomposes to 
.
OH radicals (Eq. 2.18). 
  O3   +   hʋ   →    O2
    
+   O(
1
D)
                                  
Eq. (2.17)
    
      
                          O(
1
D)  +  H2O  →  H2O2  →    2
·
OH                  Eq. (2.18) 
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Figure 2.11.  Ozone dissociation with UV irradiation (Spartan Environmental 
Technologies, 2014). 
 
It appears that photolysis of ozone seems to be an expensive way to produce hydrogen 
peroxide as over 80% of UV energy generated by low pressure mercury lamps shows 
lower molecular absorptivity of H2O2 (ε254 nm = 18.6 M
–1
cm
–1
) at that wavelength 
resulting in limited 
.
OH yield. It can be seen in Table 2.10, that the photolysis of ozone 
yields more radicals per incident photon compared to UV/H2O2 process. Using UV 
lamps with lower wavelengths, the absorptivity of H2O2 can be increased but requires 
UV lamps in kilowatts for hydrogen peroxide photolysis compared to ozone photolysis 
where the power requirement is in watts range.   
 
Table 2.10.  Photolysis of ozone and H2O2 leading to the formation of 
·
OH 
(Techcommentary, 1996). 
Oxidant ε254 nm, 
M
–1
cm
–1
 
Stoichiometry 
·
OH formed per  
incident photon 
H2O2 20 H2O2  →    2
·
OH 0.09 
O3 3300 3O3  →    2
·
OH 2.00 
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Screening of ozone occurs by strong absorbtion of UV light by optically active organic 
compounds in water such as 5-methylresorcinol, xylenols, phenol, etc that does not give 
any additional effect to ozone from UV radiation (Munter et al., 1995 and Trapido et 
al., 2000). Complete mineralization to CO2 and H2O is uncommon even though ozone 
oxidizes phenolic compounds very easily such as 2, 3-xylenol, p-cresol, 3, 4-xylenol, 
phenol). According to Gurol & Vatistas, 1987 and Takahashi, 1990, complete 
mineralization could be achieved by O3/UV system for glyoxylic acid, formic acid, 
glyoxal and oxalic acid due to the presence of shorter molecular chain. Compared to 
only photolysis and ozonation, Peyton et al., (1982) demonstrated removal of C2Cl4 
from water due to the efficiency of O3/UV system. 
Ozonation at elevated pH values is of limited use. Although the O3/UV combination 
seems difficult to implement on a large scale, it can be successfully used for lower flow 
rates etc. Peyton et al., (1982) presented a kinetic model of the O3/UV process. The 
model takes into consideration the radiation flux, ozone concentration in the liquid 
phase, and the ozonation reaction rate constant. 
 
2.2.1.5  Photocatalytic oxidation (UV/TiO2) 
An absorption of electromagnetic radiation by a TiO2 semiconductor results in the 
photo-excitation in the near UV spectrum on the basis of photocatalysis.  
Mathews (1986) observed that when this material was excited by photons that possess 
energies of sufficient magnitude produces conduction band electrons and valence band 
holes which induce oxidation or reduction by these charge carriers and react with 
absorbed species on the surface of the TiO2 particle as shown in Eq. 2.19 to 2.24. 
e
¯
 + O2   →    
·
O2
¯                               
Eq. (2.19)
    
h
+   
+  A
¯  →   ·A                        Eq. (2.20)    
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h
+   
+  OH
¯  →   ·OH                   Eq. (2.21)    
·
OH 
  
+   RH
    →   ·RHOH          Eq. (2.22)    
·
OH 
  
+   RH
    →   ·R + H2O       Eq. (2.23)
   
 
h
+   
+  RH
   →   ·RH+                   Eq. (2.24)    
 
All the chemicals are oxidized due to the positive oxidation potential possessed by 
holes. Eq. 2.25 shows the formation of hydroxyl radicals resulting from even a single 
electron oxidation of water making it energetically feasible. These generated hydroxyl 
radicals destroys bacteria and other microorganisms and disintegrate harmful 
substances into harmless end products such as CO2 and H2O as depicted in Figure 2.12.  
H2O   +   h
+    →   ·OH   +   H+             Eq. (2.25)    
 
 
Figure 2.12. Photocatalytic oxidation process (Conee Orsal, 2015). 
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Titanium dioxide is being used in various applications such as paints, outdoor building 
material, cement, and also in removal of volatile organic compounds and oxides of 
nitrogen among other applications. 
 
 
2.2.1.6 Ozone + Catalyst (O3/TiO2) 
Decompositon of target compound can also be accelerated by use of homogeneous or 
heterogeneous catalysts such as metal ions (Mn
2+
, Fe
3+
,
 
Fe
2+
) and/or metal oxides 
(TiO2–Me, Al2O3–Me, Ru/CeO2, MnO2, Fe2O3)  along with ozonation although the 
reaction mechanism is unclear in most of the cases. Legube et al., (1996) observed the 
catalytic ozonation process for the model compound, salicylic acid by using clay as the 
support for TiO2 in its anatase form where complete removal of organics was possible 
compared to unassisted ozonation by TOC measurements. Paillard et al., (1991) 
observed that the process efficiency of catalytic ozonation (O3/TiO2) was preferable 
compared to O3/H2O2 or ozonation (O3) for the target oxalic acid compound in terms of 
TOC reduction. 
Jans & Hoigne (1998) reported that a radical-type chain reaction can be initiated 
forming 
.
OH radicals in aqueous phase by the addition of a few milligrams of carbon 
black or activated carbon per litre of water containing ozone. 
 
2.2.1.7 Hydrogen Peroxide (H2O2)   
H2O2 has an additional oxygen atom with chemical formula (H–O–O–H) which is a 
universal constituent of the hydrosphere occurring in seawater, freshwater, mineral 
water, air, rain, snow, dew, cloud and all living organisms and finds its application in 
treatment processes. In the aquatic environment, H2O2 acts as useful indicator of 
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abiotic, biological and photoinduced processes and undergoes dismutation into water 
and oxygen: 
2H2O2   →   2H2O + O2     Eq. (2.26)
   
 
H2O2 finds numerous applications as a 
 natural tracer in mixing zone of surface water (Johnson et al., 1989; Sikorsky 
and Zika 1993a, b; Sarthou et al., 1997; Scully and Vincent 1997) 
 in biota/living cells, due to its elevated reactivity, H2O2 is involved in oxidative 
stress by both oxidation and reduction (Berlett and Stadtman 1997; Paradies et 
al., 2000; Blokhina et al., 2003; Richard et al., 2007) 
 acts as an indicator of photoinduced activity generated through irradiation of 
various dissolved organic matter in natural waters (Cooper and Zika 1983; Zika 
et al., 1985a, b; Mostofa and Sakugawa 2009; Obernosterer et al., 2001; 
Fujiwara et al., 1993; Moore et al., 1993; Scully et al., 1996) 
 helpful in the identification of biological activity (Fujiwara et al., 1993; Moffett 
and Zafiriou 1990; Cooper and Zepp 1990; Petasne and Zika 1997) 
 useful tracer of the convective overturn or vertical advective transport (Johnson 
et al., 1989; Sarthou et al., 1997; Scully and Vincent 1997; Yuan and Shiller 
2001) 
Jacks Lake surface water, Ontario, Canada, has H2O2 concentration of 10-800nM, Lake 
Erie surface water has H2O2 concentration ranges 50-200 nM, Lake Ontario surface 
water has 100nM whereas rainwater from North Bay, Ontario (Jan-Feb) has H2O2 
between 500-5000nM (Sakugawa et al., 1990), at 44
o
N latitude (diurnal with no 
lightning varies between 4400-29600nM and with lightning has 34000nM) Cooper and 
Lean (1992).   
The production rate of H2O2 by using Quartz Halogen Lamp at Lake Ontario (43
o
N) 
varies between 161 to 234nM/h and the DOC varies between 225 to 292 µMC whereas 
Hamilton Harbor ((43
o
N) has a H2O2 production rate of 790nM/h and DOC 325 µMC 
(Scully et al., 1996).  
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2.3 Comparative operating costs of treatment for various 
AOPs  
Based on type, flow rate and concentration of contaminants present in wastewater and 
their required degree of removal by various processes such as O3/H2O2, UV/TiO2, 
H2O2/UV and/or O3/UV depends on capital, operating and treatment cost. Table 2.11 
and 2.12 presents a comparison of the operating costs of various AOPs and the 
treatment costs. 
Table 2.11. Comparative operating costs of some AOPs ((Techcommentary, 1996). 
Process Cost of Oxidant Cost of UV 
O3/UV High Medium 
O3/H2O2 High 0 
H2O2/UV Medium High 
UV/TiO2 Very low Medium to high 
 
Table 2.12.  Operating costs of advanced oxidation processes
a
 (Yonar et al., 2005). 
Process Treatment cost ($/m
3
) 
Ozone 5.35 
Ozone/UV
b
 8.68 
H2O2/UV
b
 4.56 
Ozone/H2O2/UV
b
 11.25 
 
a
Cost of labor not included 
b
Optimum lamp life: 2,000 h. Operating costs calculated on the basis of 90% COD 
removal 
53 
 
2.4 Indium Oxide nano materials 
Indium is very soft crystalline, malleable and ductile metal that possess the most stable 
oxidation state of three-charged indium cation (In
3+
) belonging to Group 13 element 
with spherical symmetry of electron shell (d
10
).  In
3+
 has an ionic radius of 92 pm 
(Emsley, J., 1991 and 1993). Indium forms strong bonds with O, N and F and stable 
complexes with Cl, I, Br, S and P forming coordinaton compounds that finds 
application in biology and medicine. For example, aqueous solutions of indium 
complexes are administered to patient’s body for diagnostic and therapeutic 
medicaments in medical practices (Petrosyants and Ilyukhin, 2011). At cryogenic 
temperatures, indium retains its plastic properties and thus increases hardness of an 
alloy, resistance to corrosion and strength and is used in dental alloys, low pressure 
sodium lamps, semiconductors, electrical contacts and alkaline dry batteries (Habashi, 
1997).  
 
Concentrations of environmental and hazardous gases are measured by sensors of metal 
oxide films that interact with atoms or molecules producing variation in film 
conductivity. Among binary oxide compounds, TiO2, SnO2, In2O3 and ZnO are being 
used as Transparent Conducting Oxides (TCOs). Based on the properties of the used 
material, both oxidizing and reducing species can be detected (Himmerlich et al., 2012). 
In2O3 has been attracted by many researchers in recent years due to its indirect band bap 
of 2.8 eV and acts as an efficient sensitizer for photocatalyst extending its absorption 
spectra from UV into the visible region (Lv et al., 2010) and because of its high 
mobility of ~10 - 65 cm
2
 V
-1
s
-1
 is one of the most studied materials as channel layers 
(Nakazawa). Trapping, mobility, relatively cheaper, lower toxicity and higher electron 
production are some of the specific characteristics of indium (Tahir and Amin, 2013).  
 
Figure 2.13 represents the crystalline structure of indium oxide, bixbyite structure 
existing as fluorite-type structure with anions missing on one-quarter and producing 
structural vacancies. The six oxygen atoms (c-NIn-O = 6) are octahedrally coordinated 
around indium cations with two structural vacancies sitting along the face diagonal (d-
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site, represents 75% of octahedra) or along the body diagonal (b-site, represents 25% of 
octahedra). In crystalline In2O3, the InO6 octahedra are linked together by structural 
vacancies giving rise to two configurations. The first is corner sharing by an oxygen 
and a structural vacancy shared between adjacent polyhedral and the second edge 
sharing by two oxygens along the entire edge between adjacent polyhedra (Buchholz et 
al., 2014). 
 
 
Figure 0.1. Crystalline In2O3 – Bixbyite structure (Buchholz et al., 2014) 
 
The stability and electrical performance of In2O3 thin film transistors (TFTs) is based 
on its fabrication and depends on the hydroxyl radical-assisted (HRA) decomposition 
and oxidation as shown in Figure 2.14. All TFTs fabricated contains a bottom-gate and 
top-contact configuration (SiO2/p
+
-Si gate dielectrics/gate). Upon UV irradiation, H2O2 
generates two OH
.
 per molecule of H2O2 caused by photocatalytic cleavage after 
absorbing wavelengths at ≤ 350nm (Harbour et al., 1974;  Ghassemzadeh, et al., 2013; 
Jones, C. W., 1999).  
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Figure 0.2. Schematic for solution-processed In2O3 thin-films by a hydroxyl radical-
assisted (HRA) method (Sabri et al., 2015) 
 
 
 
 
 
OH
.  
in amorphous oxides,
 
oxidizes sub-gap states from a near conduction band 
minimum (CBM) that consists of electron-donor states occupied at a neutral charge 
provide electrons by ionization to shallow states (metastable) as illustrated in Figure 
2.15. The near-valence band maximum (VBM) is located below CBM (near-VBM) 
(Nomura, et al., 2011) and consists of oxygen sites occupied by electron-acceptors with 
low valence cations (In
3+
 from In 4d and 5s) (Murat and Medvedeva, 2012). Due to 
high density of oxygen sites just below and very close to CBM has Vo in In2O3 that are 
donors and binds two electrons by exhibiting inward relaxation. 
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Figure 0.3.  Schematic illustrations showing metastable states induced by the hydroxyl-
radical assisted oxidation (Sabri et al., 2015). 
 
The incorporation of H2O2 for In2O3–H2O2, induces electron acceptors located near-
VBM. In contrast, the incorporation of high density OH
.
, ionizes the neutral Vo 
chemically to single (Vo
+
) and double (Vo
++
) ionized states due to its strong oxidation 
potential for In2O3-HRA (Jones, C.W., 1999).    Both of the ionized states are located 
above the CBM and capable of trapping and donating electrons as they are metastable. 
(Noh, et al., 2011). Thus the hydroxyl radicals induce formation of metastable states 
and reduce carbon impurities during thin film formation.   
 
 
2.5 Biochar (BC) 
Biochar has garnered attention in recent years as it appears to be an effective adsorbent 
produced with lower energy requirements and cheaper (Cao et al., 2009; Zheng et al., 
2010; Karakoyun et al., 2011; Ahmad et al., 2012; Lu et al., 2012). Compared to 
biochar, the production of activated carbon requires higher temperature and additional 
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activation process. Biochar is carbon-rich possessing differing physical and chemical 
properties such as enriched surface mineral components and functional groups, large 
specific surface area and porous structure based on feedstock and pyrolysis 
temperatures.   
 
 
Figure 0.4.  Production and application of biochar for wastewater treatment as an 
effective adsorbent (Tan, X. et al., 2015). 
 
Figure 2.16 shows production of biochar from a number of different feedstocks that 
includes wood biomass, crop residues, solid wastes, animal litters, etc by various 
thermochemical processes such as fast pyrolysis, slow pyrolysis, flash carbonization, 
gasification, hydrothermal carbonization (HTC) and torrefaction. Biochar finds several 
applications in removal of organic, inorganic, heavy metals and other pollutants from 
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aqueous solutions and possess even better or comparable adsorption capacity compared 
to activated carbon (Karakoyun et al., 2011; Xue et al., 2012; Zhang et al., 2012; Yang 
et al., 2014b). Studies have shown some of the benefits of using biochar results in 
enhanced crop yield, soil amendment, carbon storage and mitigating global warming 
(Whitman et al., 2011; Abit et al., 2012; Mao et al., 2012; Sohi, 2012; Khare and Goyal, 
2013; Verheijen et al., 2014).  
 
 
 
Figure 0.5.  Summarized adsorption mechanisms proposed on biochars by heavy metals 
(Tan, X. et al., 2015). 
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Interaction of biochar with heavy metals involved several kinds of adsorption 
mechanisms including physical adsorption, electrostatic attraction, precipitation, 
surface complexation and ion-exchange as summarized in Figure 2.17. For example, Cr 
(VI) was effectively removed by sugar beet tailing biochar by electrostatic attraction 
(Dong et al. 2011), while Lu et al. (2012) proposed Pb removal by adsorption onto 
sludge derived biochar via functional group. Similarly, Sun et al. (2014) used corn 
straw biochar for adsorption of Cd (II) whereas Kong et al. (2011) used soybean stalk-
based biochar as efficient adsorption of Hg (II).   
 
Similarly Figure 2.18 summarizes various adsorption interaction mechanisms that bind 
organic contaminants to biochar including hydrophobic effect, electrostatic interaction, 
partition, pore-filling and hydrogen bonds. Since surface properties of biochar is 
hetergeneous due to presence of non-carbonized and co-existed carbonized fractions, 
the specific adsorption mechanisms are also different for different organic pollutants.  
 
 
Han et al. (2013) and Inyang et al. (2014) reported adsorption of methylene blue and 
phenol from water onto biochar was via pore-filling effect. Similarly, Inyang et al. 
(2014) observed that most of the adsorption was via electrostatic attraction of organic 
contaminants onto biochars followed by other contributing adsorption mechanisms. Qiu 
et al. (2009) observed π – π, intermolecular hydrogen bonding and electrostatic 
attraction/repulsion mechanism of interaction between dye and straw based biochar 
whereas methyl violet showed adsorption mechanism via electrostatic attraction 
between dye and biochar (Xu et al., 2011). Similarly adsorption of atrazine and carbaryl 
on biochars derived from pig-manure showed adsorption mechanism via π – π electron 
donor-acceptor, hydrophobic effect and pore-filling interactions (Zhang et al., 2013b) 
whereas adsorption of sulfonamides by different biochars showed π – π electron-donor-
acceptor interactions (Xie et al., 2014).  
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Figure 0.6.  Summarized adsorption mechanisms proposed on biochars by organic 
contaminants (Tan, X. et al., 2015). 
 
 
As per Ahmad et al., 2013b, very few articles review the removal of pollutants in water 
by the use of biochar while, studies on the removal of PPCPs in wastewater by the use 
of biochar is minimal. Hence further research on the applications of biochar for the 
purification of water and wastewater is urgently needed. 
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Chapter 3  
3 Preparation and characterization of homogeneous 
immobilized TiO2 coatings on stainless steel mesh and its 
removal kinetics of PPCPs from wastewater by a 
combination of AOP (O3/UV/TiO2) and its comparison with 
other techniques 
 
3.1 Introduction 
Pharmaceutical and personal care products (PPCPs) are non-regulated water pollutants 
that may be grouped into a plethora of other classes such as antidepressants, antibiotics, 
steroids, painkillers, narcotics, tranquilizers, antiseptics, oral contraceptives, insect 
repellents, fragrances, shampoos, sunscreens, food supplements, nicotine and caffeine. 
Among these, two therapeutic classes, antibiotics and steroidal hormones, have received 
the most attention due to their potential for selective resistance to certain pathogens. 
Municipal sewage containing PPCPs may discharge into receiving waters and the 
impact would depend on the types and relative abundances of the individual constituent 
PPCPs.  
Most of the drugs in the human body get metabolized by either phase I and/or phase II 
reactions to a certain extent while entering the environment before leaving the body.   
Reduction, oxidation and hydroxylation are phase I reactions that produce water-soluble 
reactive compounds that expose functional groups enhancing further reactions (Halling-
Sorensen et al., 1998; Josephy and Mannervik, 2006).  Methylation, sulfation, 
acetylation, glucuronide conjugation and glutathione conjugation are phase II or 
conjugated reactions that bind functional groups to the compound, thus enhancing its 
water solubility and increasing its elimination from the body (Josephy and Mannervik, 
2006). 
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Lipid Regulators ranks 9
th
 as one of the top 20 Global Therapy Areas in 2014 with sales 
of US$ 28,412Mn where the Global Market sales stands with a total of US$ 936,511Mn 
in 2014 with quarterly exchange rates for the top 20 therapy areas of usage (IMS, 
2014). 
These PPCPs are referred to as pseudo-persistent chemicals as they are introduced to 
the aquatic realm via sewage leading to continual and multigenerational exposure for 
aquatic organisms despite their short half-lives.  For instance, when diclofenac in 
surface waters is exposed to natural sunlight, rapid decomposition takes place as shown 
by several authors (Packer et al., 2003 and Bartels et al., 2007).  It was also seen that in 
natural environment, CFA was hardly biodegraded and in aquatic system, the fate of 
CFA was only a minimal due to adsorption and abiotic losses (Wingkler et al., 2001). 
Certain drugs gain intracellular access via active transport in aquatic tissues from 
ambient water despite their low lipid solubility’s. For instance, estrogen has a 
concentration of 60,000x in fish bile, 113x in fish tissue due to gemfibrozil, fluoxetine 
gets concentrated in brain, liver and muscle of fish whereas diclofenac gets 
concentrated in fish. Due to their low octanol-water partition coefficients, most of the 
PPCPs prevent bio-concentration. However, sunscreen filters, triclosan, synthetic 
musks, parabens and triclocarban are subjected to bio-concentration (Daughton, C., 
2005). 
Analgesics and anti-inflammatory drugs are among the major pharmaceutical pollutants 
found in surface waters at concentrations of up to μg/L levels as they are ubiquitous in 
effluents from municipal WWTPs. These groups of drugs show pKa values between 3.6 
and 4.9 and are acidic in nature because of the presence of one or two phenolic 
hydroxyl groups and carboxylic moieties.   Table 3.1 represents some of the physico-
chemical properties of β-blockers, lipid regulators and anti-inflammatory drugs that 
were selected for the present degradation studies and their chemical structures are 
shown in Figure 3.1. A detailed explanation on the physico-chemical properties are 
described in Chapter 2, Table 2.5 of this thesis (V.R. Kandlakuti). 
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Table 3.1.  Physico-Chemical properties of ATN, CFA and DCF   
Property Atenolol (ATN) Clofibric  Acid 
(CFA) 
Diclofenac 
Sodium (DCF) 
Molecular Formula C14H22N2O3 C10H11ClO3 C14H11Cl2NO2 
CAS Number 29122-68-7 882-09-7 15307-79-6 
Category Basic Acidic Acidic 
Therapeutic group β-blockers Lipid regulators 
 
Anti-
inflammatory  
Molecular Weight (g/mol) 266.34 214.65 318.134 
Vapor Pressure (mm Hg) 2.92 x 10
-10
 1.13 x 10
-4
 4.75 x 10
-14
 
Water Solubility * (mg/L at 20
o
C) 26500 at 37
o
C 583 2370 
pKa at 20
o
C 9.6 3.2 4.15 
log Kow 0.16 2.57 4.51 
* Benner et al., 2009 
 
a) Atenolol (β-blocker) 
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b)  Clofibric acid (Lipid regulators) 
 
 
c) Diclofenac (Anti-inflammatory) 
Figure 3.1. Chemical structures of target Pharmaceuticals (ChemIDplus, 2014) 
 
3.2  Materials and Methods 
 
3.2.1 Reagents and chemicals  
Atenolol, (RS)-2-{4-[2-Hydroxy-3-(propan-2-ylamino)propoxy]phenyl}acetamide,  
Clofibric Acid, 2-(4-chlorophenoxy)-2-methylpropanoic acid  and Diclofenac Sodium, 
2-[2-(2,6-dichloroanilino)  phenyl]acetic acid, Sodium Bromide, >=99.99%, Humic 
Acid, Titanium Dioxide Degussa P25, hydrochloric acid, sodium hydroxide and 
nitrocellulose membrane filters (pore size 0.22µm and diameter 47mm) were purchased 
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from Sigma Aldrich whereas AISI 316L Stainless Steel was purchased from McMaster 
Carr, USA.  High purity water was produced with a Thermo Scientific Barnstead 
Nanopure system (Thermo Fisher Scientific, Waltham, MA, USA).  
Table 3.2:  Properties of TiO2 powder as per manufacturer 
Catalyst Properties Degussa P25 
Density (20
o
C) 3.8 g/cm
3
 
Particle Size 20-25nm 
BET surface area (m²/g)*  50 ± 1 
Langmuir Surface Area (m²/g)* 86.7949 ± 2 
Crystal Form – Anatase  
                          Rutile 
80% 
20% 
* BET surface area is shown in appendix A.3 
 
Exactly 10000 mg/L of individual stock solutions of ATN and CFA and 1000 mg/L of 
DCF target PPCPs were prepared in ultrapure water and stored at -20
0
C. A 10mg/L 
working solution was obtained by spiking a known aliquot of stock solution to 1L of 
secondary effluent. For another batch of experiments, 100mg/L of individual stock 
solutions of sodium bromide and natural organic matter were prepared with ultrapure 
water and stored at -20
0
C. A known aliquot from the stock solutions of sodium bromide 
and natural organic matter were spiked into 1L of secondary effluent to obtain a final 
concentration of 0.1 and 0.3ppm of bromine and a concentration of 4 and 8ppm of 
natural organic matter. 
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3.2.2  Raw water quality  
On sample collection days, general monitoring data was recorded, including daily flow 
rates, retention time and chemical dosages. Temperature, pH and turbidity were also 
recorded for the water samples as well as free chlorine, combined chlorine and total 
chlorine concentrations of the treated water samples. 
 
3.2.3 Sampling site and collection 
Adelaide Wastewater Treatment Plant has an annual average flow of 24,780 cubic 
meters per day. In 2014, the daily average peak flow was 70,281 cubic meters per day. 
In 2013, the precipitation levels were observed to be at an average of 956 mm.  
In 2014, the total sludge generated at Adelaide Wastewater Treatment Plant was 97,258 
cubic metres. The thickened waste activated sludge contributed to 55,779 cubic metres 
whereas the primary sludge contribution was 41,479 cubic metres. This total sludge was 
incinerated at Greenway Pollution Control Centre. 
Twenty liters (20 L) of grab samples of secondary effluent from secondary clarifier was 
collected from Adelaide Pollution Control Plant, London, ON, Canada. The samples 
were filtered through 0.22 µm filters and collected in 1 L amber glass containers.  The 
bottle was shaken to mix the contents and the samples were stored at 4
o
C until 
subjected to various advanced oxidation processes. The secondary effluent was 
analyzed for the selected PPCP compounds by LC-MS/MS and the results obtained 
showed that the effluent had no trace levels of these PPCP compounds collected from 
Adelaide Treatment Plant as shown in Appendix 17 and 18. All the reactions were 
conducted at pH 7.0 at room temperature (22
o
C) by adjusting the pH with 1N HCl.   
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3.2.4 Homogeneous Immobilized TiO2 catalyst preparation on 
Stainless Steel mesh using Dip-Coat method 
A comparison among photocatalysts such as Degussa P25, Aldrich rutile, Hombikat 
UV100 and Millennium PC500 showed that the photocatalytic activity in oxidizing 
ATN and its intermediate products by Degussa P25 was the highest (Ioannou, et al., 
2011).  Based on its highest photocatalytic activity, a 2%, 4% and 20% of Degussa P25 
TiO2 were prepared in pure water by weighing a known amount of TiO2 into a 500mL 
Erlenmeyer flask. The solutions were shaken vigorously for 2 hours using a magnetic 
stirrer.  A dimension of 10 x 10 cm of AISI 316L stainless steel wire mesh were used as 
substrates with openings of 3 mm x 3 mm by dipping the plates with 2%, 4% and 20% 
of TiO2 solution by a process of dip-coat method. The plates were immersed in the 
solution following each coating and withdrawn at a speed of 6 cm/min to avoid 
cracking. The coated plates were dried at 100
o
C in an oven.  
 
Figure 3.2. Dip coatings of homogeneous immobilized 2%, 4% and 20% of Degussa 
P25 TiO2 supported on SS plates 
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Dipping and drying were continued until the coatings weight was approximately 
0.75g/m
2
, 1.0g/m
2
 and 1.25g/m
2
 respectively. Over 20 dipping and drying cycles were 
performed on each stainless steel mesh and took longer time for 2% and 4% of coating 
weights of 0.75g/m
2
 and 1.0g/m
2
 while around 10 cycles were enough with 20% of 
TiO2 to get a coating of 1.25g/m
2
. The obtained films were annealed by raising the 
temperature slowly from room temperature to 500
o
C at a rate of approximately 1
o
C/min 
in a muffle furnace and kept for 1 hour after reaching the set temperature. The obtained 
films were allowed to cool to room temperature gradually as shown in Figure 3.2.  
 
3.2.5  Characterization of Immobilized TiO2 Catalyst 
The homogeneous immobilized TiO2 films were characterized for SEM and EDX after 
scrapping of some particles from the surface of coatings. A comparison between before 
and after calcination is made.  
For the high magnification SEM imaging of the samples, small portions of the dried and 
calcined films of TiO2 samples were placed in clean glass vials containing acetone and 
sonicated to disperse the particles.  A small drop of the samples along with acetone was 
placed on clean silicon wafers and the acetone was allowed to evaporate in air.  Once 
dried, the samples were platinum coated to alleviate charging and analyzed by scanning 
electron microscopy coupled with energy dispersive X-ray (SEM/EDX) spectroscopy 
using the upper detector on Hitachi S-4500 Field Emission SEM equipped with a 
Quartz PCI XOne SSD X-ray Analyzer at an accelerating voltage of 10kV. The 
obtained images are shown in Figures 3.3 and 3.5. The EDX analysis of the dried and 
calcined films was analyzed similarly and the obtained spectra are shown in figures 3.4 
and 3.6.  
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Figure 3.3. SEM image of dried film at 10kV 
The morphologies of the coatings were investigated by use of SEM analysis. Figure 3.3 
shows that immobilized TiO2 stainless steel mesh dried at 100
o
C has particles that are 
closely located which indicates that there exists a built up of P25 between them.   
 
Figure 3.4. EDX spectroscopy of dried film at 10kV 
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Figure 3.5. SEM image of calcined TiO2 film at 10kV  
After calcination of TiO2 stainless steel mesh as can be seen in Figure 3.5, the particles 
had smooth surface with even distribution of aggregates.  
 
Figure 3.6  EDX spectroscopy of calcined TiO2 film at 10kV 
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As can be seen from Figures 3.4 and 3.6, the EDX images shows the composition of 
before and after calcination with slight variation in the peaks due to changes that took 
place after calcining at 500
o
C. 
 
Table 3.3: Semi-quantitative EDX Results for TiO2 
EDX Results, in weight % C O Ti 
Dried film 5.5 34.3 60.3 
Calcined film 8.7 38.2 53.1 
The weight percentage of carbon, oxygen and Titanium changed slightly between dried 
film and the calcined film and the results are shown in Table 3.3.  
 
3.2.6 Experimental protocol 
 
3.2.6.1 Experiments conducted with wastewater samples 
The water quality parameters of the secondary effluent that were characterized as per 
standard methods of APHA, 2004 are shown in Table 3.4. Orion pH meter was used to 
measure the pH and temperature, HACH Turbidimeter was used to measure Turbidity, 
Shimadzu TOC-VCPN analyzer with an ANSI-V auto sampler was used to measure total 
organic carbon (TOC) while nitrate and phosphate were measured using Dionex Ion 
Chromatograph ICS 3000. Hach reactor was used to measure chemical oxygen demand 
and ammonia by using HACH vials. Total suspended solids and total dissolved solids 
were measured by gravimetric method whereas BOD was measured during 5 days of 
incubation at 20
o
C. 
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                       Table 3.4:  Water quality parameters of secondary effluent 
Parameters Results, mg/L 
pH 7.3 ± 0.2 
Temperature, 
o
C 19 ± 1 
Turbidity, NTU 11.5 
Total Suspended Solids (TSS) 25.9 
Total Dissolved Solids (TDS) 384 
Chemical Oxygen Demand (COD) 39 
Biochemical Oxygen Demand (BOD) 14 
Total Organic Carbon (TOC) 10.8 
Ammonia 2.7 
Nitrate as NO3
- 20.6 
Phosphorus 0.82 
Note: All the above values are reported in mg/L except pH, Temperature and Turbidity 
 
3.2.6.2  Reactor setup 
A bench scale annular reactor of 1.5 L capacity was used to conduct the AOP 
experiments as shown in Figure 3.7.  Prior to starting the reaction, 1 L of wastewater 
was allowed to achieve thermal equilibrium by maintaining it at a constant temperature 
of 23 ± 1
o
C with continuous stirring by a magnetic stirrer and using stir bars to 
complete mixing. Once the sample reached to room temperature, the immobilized TiO2 
92 
 
on stainless steel mesh was suspended into the reactor before irradiation for 15 min in 
dark to reach adsorption-desorption equilibrium. A known aliquot of the stock solution 
was also brought to room temperature to spike a known concentration of the individual 
stock solution.  
The reaction volume was kept at 1 L in all experiments and the temperature of the 
reaction vessel was kept constant by circulating cooling water at 20
o
C. The initial pH of 
the sample was measured to be 7.3.  The pH of the secondary effluent was adjusted to 
7, 8 and 9 using 0.1N hydrochloric acid or 0.1N sodium hydroxide to study the 
variation of pH effect on degradation of Atenolol while pH 7 was maintained for all the 
other studies.  
Ozone was produced by an ozone generator (model TG-40, Ozone Solutions, Hull, 
Iowa, US) with compressed air tank fed oxygen (99.8% purity) to the generator at a 
pressure of 15 psi. 2 mg/L of ozone produced was measured by ozone analyzer (model 
UV-100, Eco Sensors, Newark, California, USA).  Ozone feeding into the reactor was 
maintained at 1.2 LPM.  
A low pressure Hg lamp of 13 W with monochromatic light at 254 nm and surrounded 
by a quartz protective sleeve (model Philips TUV PL-S, 1000 Bulbs.com, Texas, US) 
was used as the light source. The UV lamp was turned on at least 15min prior to start of 
the experiment for stabilization.  
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Figure 3.7. Experimental Reactor Setup for AOP 
Exactly 1mL of stock standard of target PPCP compound was spiked into the 1L reactor 
and stirred for few minutes before the reactor was subjected to AOP treatment 
technologies such as UV. 10mL of sample was withdrawn immediately at intervals of 0, 
5, 15, 30, 60 and 90 min. 
Similarly other experiments were conducted using O3, UV/O3, UV/TiO2, O3/TiO2 and 
O3/UV/TiO2 by following the same procedure as above on secondary effluent.  Several 
batch experiments were conducted by spiking the secondary effluent with 0.1ppm and 
0.3ppm of bromine (Br) from a stock solution of 100ppm of bromide prepared by using 
sodium bromide, 4ppm and 8ppm of Natural Organic Matter (NOM) and finally 
suspending 0.75g/m
2
, 1g/m
2
 and 1.25g/m
2
 of immobilized TiO2 into the reactor and 
subjected to UV/TiO2, O3/TiO2 and O3/UV/TiO2.  
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Another set of experiments were also conducted to study the effect of pH on the 
Atenolol removal in wastewater. As soon as the AOP reaction was started, 10mL of 
sample was withdrawn at regular intervals of 0, 5, 15, 30, 60 and 90 minutes 
respectively into amber glass vials, spiked with 2-3 drops of sodium thiosulfate and 
stored under -20
o
C for further LC-MS/MS (Liquid Chromatography Coupled with 
Triple Quadrupole Mass Spectrometer) analysis to detect the degradation and 
transformation products of atenolol, clofibric acid and diclofenac from secondary 
effluent samples after AOP treatment.  
 
3.3  PPCP method setup by LC-MS/MS (High Resolution)  
Most recent studies in environmental waters on acidic herbicides and their degradation 
products has garnered attention on the use of high flow pneumatically assisted 
atmospheric pressure chemical ionization (APCI) and electrospray ionization (ESI)  
interfaces as the best choices among other LC-MS interfaces (Crescenzi et al., 1995, 
Otsuka et al., 1998 and Puig et al., 1997).  Both ESI and APCI produce positive or 
negative ions when polar substances are introduced through a needle into the stream of 
HPLC eluent. Application of high electric fields to the needle promotes ionization in 
the case of ESI. With the aid of a nebulizer gas, a spray of charged droplets that are 
formed from the liquid phase shrinks as the solvent evaporates due to vaporizer gas thus 
increases the repulsion forces between the charged ions. Due to high repulsion forces or 
explosion of droplets, they become unstable and dissociate further into smaller droplets 
resulting in separation of ions from the surface after several repeated cycles thus 
forming gas phase ions.  
A capillary orifice separates the spray chamber from the vacuum region of the mass 
spectrometer. In presence of curtain gas, the precursor ions entering into Qo region via 
the capillary orifice are responsible for declustering of ions and protecting curtain plate 
from striking by these ions. A declustering potential aids in inducing and controlling 
fragmentation and accumulates the ions enhancing their concentration at Qo region 
before entering the Q1 region. The ions from Q1 region are introduced further to 
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collision cell a Q2 region where further fragmentation takes place to produce 
characteristic product or fragment ions by a collision or inert gas. The collision energy 
and the pressure of the collision gas are directly proportional to the degree of 
fragmentation.  The product ions enter Q3 region after fragmentation where trapping of 
ions by linear ion trap (LIT) is used to enhance sensitivity before scanning by mass 
spectrometer (Mohamad, A., 2010). 
Some of the factors that were optimized which affect the higher separation efficiency, 
sensitivity, selectivity, specificity and reproducibility was improved by choosing proper 
flow rate, column selection, pH of the mobile phase, electrolyte in the buffer, exit 
voltage and selection of ionization source technique for determination of PPCPs by 
Agilent 6460 LC-MS/MS (Liquid Chromatography Triple Quadrupole Mass 
Spectrometer) in wastewater.  
The analytical methodology of LC-MS/MS (Figure 3.8) has been used in the present 
study as a powerful technique for identification and structural elucidation of PPCPs in 
secondary effluent before and after AOP treatment. The main advantage of LC-MS/MS 
is its high sensitivity and selectivity. Using of narrow bore columns produced less 
matrix effects and higher separation efficiency and sensitivity. In stationary phase of the 
column, retention is based on the VanderWaals interaction with hydrophobic 
components. Similarly acetonitrile was used as mobile phase for the PPCP compounds 
for the chromatographic separation because of its relatively high vapor pressure and 
low viscosity. Matrix effects are greatly reduced by using electrospray ionization (ESI) 
as the choice of interface. Also using a T-connection at the post-column reduces the 
flow rate thus reducing matrix effects that is delivered to the ESI interface.  Specificity 
of the analyses was increased by increasing the exit voltage of the capillary interface in 
the electrospray ion source to produce fragment ions, Cahill et al., (2004). 
 
The main components of LC-MS/MS comprises of HPLC (Agilent 1290), Ion Source, 
Mass Analyzer (6460) and Detector with HiP Sampler (G4226A), Binary Pump 
(G4220A) and Column Comp. (G1316C). 
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Figure 3.8. Mechanism of ion formation in Turbo V
TM 
ESI ion source equipped with 
QTRAP before entring LC-MS/MS region (Mohamad, A., 2010 and AB Sciex, Ontario, 
Canada)  
 
 
LC instrumental conditions for acidic and basic compounds, ESI+ and ESI
-
  
Auto sampler:  Injection volume 5 µL  
Column: Poroshell 120 EC- C18 (3.0 x 150 mm, 2.7µm)   
Mobile phase:  A (10mM ammonium formate and 0.1% formic acid in water) and  
                          B (0.1% formic acid in acetonitrile)  
Flow Rate: 0.35 mL/min 
Run Time: 5 min 
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       Table 3.5: Gradient program for LC-MS/MS 
S. No. Time (min) % Composition of 
mobile phase A 
% Composition of 
mobile phase B 
1 0.0 90 10 
2 1.0 90 10 
3 2.0 10 90 
4 3.0 10 90 
5 4.0 90 10 
6 5.0 90 10 
         
      Table 3.6: Source parameters for LC-MS/MS 
Parameter Value (+) Value (-) 
Gas Temp (°C)  250 250 
Gas Flow (l/min) 10 10 
Nebulizer (psi) 30 30 
Sheath Gas Heater 350 350 
Sheath Gas flow (L/min) 11 11 
Capillary (V) 3500 3000 
VCharging 0 0 
MRM  2 transitions for every compound 
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Table 3.7:  Multiple Reaction Monitoring parameters for LC-MS/MS 
Compound 
Name 
Precursor 
Ion 
Product 
Ion 
Dwell 
(ms) 
Fragmentor  
Voltage (V) 
Collision 
Energy 
(V) 
Cell 
Accelerator 
Voltage 
Polarity 
Atenolol-1 267.2 145 200 100 20 7 Positive 
Atenolol-2 267.2 190 200 100 10 7 Positive 
Clofibric Acid-
1 
213 127 100 60 10 7 Negative 
Clofibric Acid-
2 
213 85.2 100 60 5 7 Negative  
Diclofenac-1 293.9 249.9 100 60 5 7 Negative  
Diclofenac-2 293.9 214.1 100 60 10 7 Negative 
 
Apart from the above set conditions, some of the optimized parameters are summarized 
and shown as Table 3.5 for gradient program of mobile phase A and B, Table 3.6 for 
source parameters and Table 3.7 for multiple reaction monitoring (MRM) parameters 
that were used for LC-MS/MS. 
 
Computer based software, Mass Hunter Version B.05.01, was used to process the data 
by peak area method for the acquired chromatograms. The concentration of the 
unknown is calculated from the following equation using regression analysis of 
calibration standard. 
        y = mx + c  
 Where, x = concentration of analyte 
   m = slope of calibration curve 
       y = peak area of analyte 
            c = y-axis intercept of the calibration curve 
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3.4  PPCP analysis in wastewater samples 
Secondary effluent samples were analyzed for selected PPCPs by LC-MS/MS without 
any extraction procedure. The performance of the LC-MS/MS method was evaluated 
for method detection limit (MDL), relative standard deviation (RSD) and percent 
recovery.  By using linear regression, a five-point calibration curve was developed for 
each compound ranging from 0 to 200ng/mL.  R
2
 values had linearity range between 
0.99 – 0.999 for all the compounds with RSD values lower than 10%.  Percent 
recoveries ranged from 90 to 100 % for the effluent matrix. The Milli-Q water had 
MDLs of 0.5ug/L for atenolol and clofibric acid and 2ug/L for diclofenac respectively 
whereas effluent samples had MDLs of 2ug/L for atenolol and clofibric acid and 5ug/L 
for diclofenac respectively. The concentration of the unknown is calculated by using 
regression analysis of calibration standard.   
Performance of water matrix was evaluated by calculating the recovery of spiked 
samples by using  
 
% Recovery = (Concentration of Spiked Sample – Concentration in Sample)  x 100 
                    Concentration of Spiked Value 
 
 
3.5 Results and Discussion 
All the experiments are conducted in triplicate and the values reported are the average 
values as shown in figures. Degradation rates for the target compounds ATN, CFA and 
DCF were examined by varying the effect of TiO2 loadings, comparison of various 
AOPs, effect of pH on ATN removal, and in the presence of NOM and Br at varying 
concentrations. Some of the degradation products were also elucidated by LC-MS/MS 
for ATN, CFA and DCF.   
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3.5.1   Effect of TiO2 loading 
The structural and surface properties of TiO2 semiconductor  depends on several factors 
that are responsible for the photocatalytic activity such as surface area, porosity, crystal 
composition, surface hydroxyl density, particle size distribution and band gap (Ryu and 
Choi, 2008; Haque et al., 2006). Some of the catalyst properties are shown in Table 3.2.  
Based on several studies in the past, the photocatalytic activity of Degussa P25 was 
found to be substantially more active because of slower electron/hole recombination 
that takes place on the surface (Martin et al., 1994; Emilio et. al., 2006) and also as its 
structure contains a mixture of both anatase and rutile compared to other individual 
pure crystalline phases of TiO2 photocatalysts (Bickley et al., 1991).  The rutile 
disperses into the matrix of anatase thus showing higher photocatalytic activity due to 
electronic interactions between the two phases (Haque et al., 2006). 
The increased activity of anatase over rutile is due to its larger surface areas particularly 
due to slow electron/hole recombination where the rates of electron transfer amongst 
reactants, electrons and holes increase with increase in surface areas (Kaneko and 
Okura, 2002). Presence of higher density of superficial hydroxyl groups in anatase 
shows increased aptitude to photo adsorb oxygen and also attributed to various 
positions of the conduction band (Sclafani and Herrmann, 1996; Chatzisymeon et al., 
2008).    
Initial screening experiments were performed on 0.75g/m
2
, 1.0 g/m
2
 and 1.25 g/m
2
 of 
immobilized TiO2 calcined on stainless steel mesh to assess the photocatalytic activity 
of ATN, CFA and DCF at an initial concentration, Co of 10mg/L each. Figure 3.9 
shows the removal efficiency of all the three PPCPs at different loadings subjected to 
UV/TiO2, O3/TiO2 and O3/UV/TiO2 at pH 7. 
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Figure 3.9.  Effect of catalyst loading on SE (a) ATN (b) CFA and (c) DCF [Co = 
10mg/L each, O3 = 2ppm, UV = 13W, pH = 7.0, T = 23 ± 1
o
C] 
 
Initial screening experiments were performed on 0.75g/m
2
, 1.0 g/m
2
 and 1.25 g/m
2
 of 
immobilized TiO2 calcined on stainless steel mesh to assess the photocatalytic activity 
of ATN, CFA and DCF at an initial concentration, Co of 10mg/L each. Figure 3.9 
shows the removal efficiency of all the three PPCPs at different loadings subjected to 
UV/TiO2, O3/TiO2 and O3/UV/TiO2 at pH 7. Table 3.8 and 3.9 provides the k values for 
various TiO2 loadings. It was observed that as the catalyst loadings increased from 
0.75g/m
2
 to 1.25g/m
2
, the removal efficiency increased with least k values observed for 
ATN followed by CFA and the highest for DCF and followed the order DCF > CFA > 
ATN. Further k values depended on type of AOP applied and followed the order 
O3/UV/TiO2 > O3/TiO2 > UV/TiO2 for ATN whereas k values for CFA and DCF 
followed the trend in the order O3/UV/TiO2 > UV/TiO2 > O3/TiO2. It was also observed 
that as the TiO2 loadings increased, the removal efficiency of ATN, CFA and DCF 
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increased more between 0.75g/m
2
 and 1.0g/m
2
 when compared to 1.0g/m
2
 and 
1.25g/m
2
. Based on these studies, the effect of AOP was performed using 1.0g/m
2
 TiO2 
catalyst with 20% coatings.  
 
Table 3.8: Effect of TiO2 loadings of ATN, CFA and DCF in SE [rate constant k and 
correlation coefficient R
2
, Co = 10mg/L, UV = 13W, O3 = 2mg/L, pH = 7, T = 23 ±1
o
C] 
  0.75 g/m
2
 TiO2 
PPCP  ATN CFA DCF 
AOP k in min
-1
 R
2
 k in min
-1
 R
2
 k in min
-1
 R
2
 
UV/TiO2 0.0115 0.999 0.0652 0.9974 0.2018 0.9973 
O3/TiO2 0.0173 0.9969 0.0097 0.9983 0.1278 0.9944 
O3/UV/TiO2 0.0503 0.9967 0.1461 0.9933 0.4493 0.9983 
  1.25 g/m
2
 TiO2 
UV/TiO2 0.0139 0.9925 0.0774 0.9982 0.2246 0.9942 
O3/TiO2 0.019 0.9984 0.0109 0.9913 0.1656 0.9929 
O3/UV/TiO2 0.0578 0.9982 0.1774 0.992 0.5113 0.9926 
 
The surface of TiO2 gets hydroxylated readily when it is in contact with water. In 
presence of UV, electron-hole pairs in the semiconductor are formed.  Formation of 
•OH is thermodynamically favoured when hydroxylated TiO2 oxidation potential lies 
above the semiconductor valence band forming holes due to the oxidation of surface-
bound OH− and H2O (Turchi et al., 1990).  
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Thus immobilized TiO2 favors removal of PPCPs from secondary effluent as it is easy 
to dispose of water without filtration after treatment unlike TiO2 suspension in water 
where increase of loadings have negative effect due to obstruction of UV light and 
requires filtration before disposal.  
 
3.5.2 Effect of AOP  
Various AOP treatments such as O3, UV, UV/O3, UV/TiO2, O3/TiO2 and O3/UV/TiO2, 
were conducted to degrade atenolol, clofibric acid and diclofenac in secondary effluent.  
A comparison of the various removal rates and AOP techniques used are shown in 
Table 3.9.  
For ATN oxidation, UV showed the least efficiency whereas for CFA oxidation, O3 
showed the least efficiency and for DCF, UV/O3 showed the least efficiency while 
O3/UV/TiO2 showed the maximum efficiency for all the three compounds. Among the 3 
compounds at pH 7, diclofenac showed the fastest degradation rates and the least by 
atenolol and follows the order diclofenac > clofibric acid > atenolol. Among these six 
AOPs, O3/UV/TiO2 showed better photocatalytic ozonation compared to other AOPs as 
it generates large number of .OH and acts as a promising oxidation method for 
refractory organic compounds (Agustina, et al., 2005; Beltran, et al., 2005; Li,et al., 
2005; Farre, et al., 2005). 
There was significant effect of the concentration of TiO2 on kinetics which confirms a 
positive influence on the increased number of active sites on TiO2. Using O3/TiO2, the 
degradation of ATN was faster compared to UV/TiO2, UV/O3, UV and O3 while the 
efficiency decreased by almost 20% for CFA. Whereas the photocatalytic activity of 
UV/TiO2 was faster for CFA compared to ATN because as per literature, a slow 
electron/hole recombination rate takes place for P25 which promotes charge pair 
separation inhibiting recombination due to rutile/anatase combination.  Suppose to this 
electron/hole pairs formation, if a slow adsorption/desorption of PPCPs is compared, 
then electron/hole pairs will have longer lifetimes and P25 is considered the best 
photocatalyst for ATN. While a reverse trend can also be followed for PPCPs, where 
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adsorption/desorption is faster and electron and hole recombination is prevented due to 
the reactions of holes with adsorbed pollutants and reaction of electrons with suitable 
electron acceptors.   
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Figure 3.10.  Effect of different oxidation process on relative concentration profiles (a) 
ATN (b) CFA and (c) DCF [Co = 10mg/L, TiO2 = 1g/m
2
, pH = 7.0, T = 23 ± 1
o
C] 
 
The relative concentration profiles for ATN follows the order as O3/UV/TiO2 > O3/TiO2 
> UV/TiO2 > UV/O3 > O3 > UV as shown in Figure 3.10a whereas for CFA and DCF 
are O3/UV/TiO2 > UV/TiO2 > UV/O3 > UV > O3/TiO2 > O3 and O3/UV/TiO2 > O3 > UV 
> UV/TiO2 > O3/TiO2 > UV/O3 as observed in Figures 3.10b and 3.10c. From the above 
data it is observed that by ozonation alone the removal efficiency is less effective for 
removal of CFA and ATN because of its selective reactions with organic contaminants 
(Brillas, et al., 2003; Agustina, et al., 2005; Li, et al., 2005). Therefore at elevated pH, 
ozone decomposition leads to the generation of free radicals (Munter, 2001).  Some 
further batch studies were conducted on ATN to study the effect of pH elevation on 
various AOPs.   
It was observed that the percent removal by ozone was around 52.3% and 13% for ATN 
and CFA (Figure 3.11) due to its slow photolysis process in the beginning. Several 
mechanisms were proposed in the generation of 
.
OH. The generation of large number of 
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.
OH from ozone photolysis is considered an important mechanism after few minutes 
due to its high extinction coefficient value (ε = 3300/M/cm) at 254 nm wavelength 
(Munter, 2001). Adsorbed source of 
.
OH production is ozonide ion radical (O3
-.
) formed 
due to the reaction between titanium and ozone. Upon UV irradiation, dissolved ozone 
produces large number of 
.
OH and hydrogen peroxide (Beltran, et al., 2005). Therefore 
in addition to ozonation and direct photolysis, several pathways as mentioned above 
were responsible for generation of 
.
OH.  Due to synergistic effects between ozonation 
and photocatalysis, mineralization of organics is enhanced in the O3/UV/TiO2 (Giri et 
al., 2008).   
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Figure 3.11.  Percent Reduction under influence of various AOPs a) ATN, b) CFA and 
c) DCF [Co = 10mg/L, O3 = 2mg/L, UV = 13W, TiO2 = 1g/m
2
, pH = 7.0, T = 23 ± 1
o
C] 
 
For ATN, the reactor subjected to only UV showed 32.2% reduction, only ozone 
showed 52.3% reduction, whereas a combination of UV/O3, UV/TiO2, O3/TiO2 and 
O3/UV/TiO2 showed 59%, 68.5%, 80.4% and 99.9 % reduction in 90min. For CFA, the 
percent removal for UV, O3, UV/O3, UV/TiO2 and O3/TiO2 were 97.3%, 13.0%, 99.4%, 
99.8% and 60.4% in 90min while O3/UV/TiO2 showed a 99.5% reduction in 30min. 
The percent removal for DCF was observed to be 99%, 99.8% and 100% in 30min for 
UV, UV/TiO2 and O3 whereas 99.4% and 100% in 60 min UV/O3  and O3/TiO2 and 
99.9% in 15min by O3/UV/TiO2. 
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Figure 3.12.  Relative concentration profiles with various AOPs a) ATN, b) CFA and c) 
DCF [Co = 10mg/L, O3= 2mg/L, UV = 13W, TiO2 = 1g/m
2
, pH = 7.0, T =23 ± 1
o
C] 
 
 
Table 3.9:  Comparison of various AOPs with their degradation parameters (rate 
constant k and correlation coefficient R
2
) of ATN, CFA and DCF in SE [Co = 10mg/L, 
TiO2 = 1g/m
2
, UV = 13W, O3 = 2mg/L, pH = 7.0, T = 23 ± 1
o
C]  
PPCPs → ATN CFA DCF 
AOPs ↓ k in min-1 R2 k in min-1 R2  k in min-1 R2 
UV 0.0045 0.9921 0.0405 0.9917 0.2298 0.992 
O3 0.0082 0.9977 0.0016 0.958 0.2855 0.9934 
UV/O3 0.0100 0.996 0.0590 0.9934 0.0883 0.9944 
UV/TiO2 0.0128 0.9953 0.0715 0.9981 0.2127 0.9974 
O3/TiO2 0.0185 0.9973 0.0102 0.9978 0.1386 0.9950 
O3/UV/TiO2 0.0541 0.9977 0.1695 0.9927 0.4616 0.9983 
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A pseudo-first-order degradation kinetic model was used to calculate k values of ATN, 
CFA and DCF as given in Table 3.9 with rate constant k and the coefficient of 
determination R
2
 values obtained for various AOPs.    
Equation (3.1) was used to plot the first-order rate constants for various AOPs. 
ln (Co/C) = kt            Eq. (3.1) 
where, k is the first-order degradation rate constant (min
-1
), Co and C are the 
concentrations of ATN, CFA and DCF at time zero and at time t (min).   All the AOPs 
showed pseudo-first order kinetics with linear plots of ln(Co/C) against t.  
 
3.5.3 Effect of pH  
The efficiency of the photocatalytic activity is governed by solution pH as it can 
influence both the charge state of the photocatalyst and/or the cationic or anionic 
organic compounds. As per Hapeshi et al., 2010, it is known that there exists an 
electrostatic repulsion between TiOH2
+
 and protonated ATN (i and iii) that hinders 
photocatalysis at pH 3.0 because the pKa of ATN is 9.6 whereas it is 6.25 of Degussa 
P25 TiO2 as the zero point charge (pHzpc). At pH <6.7, an electrostatic repulsion takes 
place as both ATN and catalyst are positively charged. Based on this factor, pH studies 
at 7, 8 and 9 were conducted on ATN to observe the degradation efficiency as at neutral 
pH the electrostatic attraction was less as ATN exists in neutral molecular form.   
TiOH + H+ ↔ TiOH2
+
                           (i) 
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Figure 3.13.  Relative concentration profiles of pH on ATN (a) UV/TiO2 (b) O3/TiO2 
and (c) O3/UV/TiO2  [Co = 10mg/L, TiO2 = 1g/m
2
, O3 = 2 mg/L, UV = 13W, T = 23 ± 
1
o
C] 
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Figure 3.13, 3.14 and 3.15 showed higher removal rates at pH 9 compared to pH 7 
which followed the order O3/UV/TiO2 > O3/TiO2 > UV/TiO2. A removal efficiency of 
99% at pH 7 was observed using O3/UV/TiO2 whereas increasing the pH to above 8 
accelerated the degradation for O3/TiO2 and UV/TiO2 as electrostatic attraction takes 
place between TiO
-
 and protonated ATN (ii and iii).  
TiOH + OH− ↔ TiO−                             (ii) 
 
      
At 9.6 (pKa) > pH > 6.7 (Degussa P25), a higher removal efficiency was observed at 
near neutral conditions due to the electrostatic attractions between protonated ATN and 
negatively charged TiO2 surface.  Increasing solution pH from 7 to 9 lead to more 
efficient HO• formation from OH− than water that favored TiO2 photocatalysis (Khodja 
et al., 2002) and there is a possibility that under alkaline conditions, the structural 
orientation of ATN favors the attack of the reactive species for better degradation 
(Haque et al., 2006). The effect of pH also depends on other reactive species present in 
the sample matrix as well as on the rate of formation of radicals. The ATN compound 
contains amine-moieties and thus this amino group gets protonated at pH < pKa = 9.6 
as shown (iii). 
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Figure 3.14.  Percent removal of ATN at varying pH (a) UV/TiO2  (b) O3/TiO2 and (c)  
O3/UV/TiO2 [Co = 10mg/L, TiO2 = 1g/m
2
, O3 = 2mg/L, UV = 13W, T = 23 ± 1
o
C] 
 
It was also observed that light absorption of ATN was strengthened as the pH increased 
(Liu et al., 2013). The effect of pH not only influences charge state of ATN and TiO2, 
but also affects equilibrium of water dissociation in terms of generation of hydroxyl 
radical levels and oxidation of photogenerated holes (Ioannou et al., 2011). 
 
Table 3.10:   Comparison of various AOPs with pH (rate constant k and correlation 
coefficient R
2
) of ATN in SE [Co = 10 mg/L, TiO2 = 1 g/m
2
, UV = 13W, O3 = 2 mg/L, 
T = 23 ± 1
o
C] 
pH 7 8 9 
       AOPs  k in min
-1
 R
2
 k in min
-1
 R
2
 k in min
-1
 R
2
 
UV/TiO2 0.0128 0.9953 0.0158 0.9912 0.0194 0.9921 
O3/TiO2 0.0185 0.9973 0.0278 0.9985 0.0333 0.9976 
O3/UV/TiO2 0.0541 0.9977 0.079 0.991 0.0922 0.9928 
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Figure 3.15.  Relative concentration of ATN at varying pH (a) UV/TiO2 (b) O3/TiO2 
and c) O3/UV/TiO2 [Co = 10mg/L, TiO2 = 1g/m
2
, O3 = 2mg/L, UV = 13W, T = 23 ± 
1
o
C] 
 
The first-order kinetic values for ATN increase in pH from 7 to 9 were compared with 
UV/TiO2, O3/TiO2 and UV/O3/TiO2 as shown in Table 3.10. It can be seen from Figure 
3.15 that the rate constant was the least for ATN at pH 9 compared to UV/O3/TiO2 
which showed a value of 0.0922. Similarly at pH 7 and 8, the rate constants were 
0.0128 and 0.0158 for UV/TiO2 followed by O3/TiO2 and maximum by UV/O3/TiO2.  
 
 
3.5.4 Effect of Natural Organic Matter and Bromine 
In wastewater the dissolved organic matter (DOM) acts as chromophoric and shows 
recalcitrance to biological degradation especially to UV radiation.  Several studies have 
reported the degradation of contaminants is mostly favored by the presence of these 
photoactive DOMs as they generate not only reactive oxygen species (ROS) but also 
solvated electrons, superoxide anion, singlet oxygen, organic peroxy and alkoxy 
radicals, hydroxyl radical and natural organic matter containing reactive triplet states 
(Heberer et al., 1998; Canonica and Freiburghaus, 2001; Chin et al., 2004). Another 
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study found that during the oxidation reactions, the degradation in two natural waters 
was faster when compared to Milli-Q water for octylphenol which were triggered by 
photo processes that involved excited state of DOM generating hydroxyl radicals and 
singlet oxygen reactive species (Neamtu et al., 2009). 
The photodegradation rates were observed to be lower in secondary effluent for ATN 
compared to CFA and DCF which is due to the presence of inorganic species such as 
chloride (Cl
-
), carbonates (CO3
2
-), bicarbonates (HCO3
-
)
   
and dissolved organic matter 
(DOM). The efficiency of photocatalysis process is directly affected by the presence of 
these species that act as hydroxyl radical scavengers. Presence of high content of 
chloride (Cl
-
) species form dichloride anion radical (Cl2
._
) and chlorine radical (Cl
.
) that 
are less reactive than 
.
OH radical (De Laat and Truong, 2006 and Ji et al., 2013).   
Similarly the presence of carbonates are 40 times more kinetically effective than 
bicarbonate ions and thus the degradation of ATN  and CFA are significantly decreased 
as these CO3
2
- compete with organic contaminants scavenging hydroxyl radical 
reactions (Klamerth et al., 2009).  
The secondary effluent contains several major ions and other dissolved organics that 
can either enhance or inhibit the degradation rates. For example in the present study, the 
secondary effluent contains nitrates in an appreciable amount that can increase or 
decrease the efficiency of degradation of PPCPs. For example, in the presence of HA 
and nitrates in different water matrices, the degradation efficiency increased while 
undergoing photochemical transformation of sulfamethoxazole because these 
constituents under solar irradiation generated strong singlet oxygen and .OH radicals 
(Trovo et al., 2009). 
Presence of bromate anions in water resources is highly toxic for humans especially in 
drinking water where the maximum concentration permitted is 25 µg/L as per World 
Health Organization (WHO, 1996). These bromate anions are generated from water 
treatment plants when bromide anions react with oxidant agents (von Gunten, 2003).  
Various studies have shown that the removal efficieny was not effective to remove 
these halide anions from drinking water on large scale (Sánchez-Polo et al., 2006).  In 
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the present study 100ppm each of stock NOM and Bromine were prepared and stored at 
4
o
C. An aliquot was taken  from the stock solutions and introduced into the reactor 
containing secondary effluent and subjected to various AOPs. The kinetics of 
degradation with varying concentrations of NOM and Br are shown in Table 3.11. 
Table 3.11: Comparison of various AOPs on degradation of PPCPs in presence of 
varying concentrations of NOM and Br with their k and R
2 
values 
 
PPCPs 
ATN CFA DCF 
NOM 4ppm 
+ Br 0.1ppm 
NOM 8ppm 
+ Br 0.3ppm 
NOM 4ppm 
+ Br 0.1ppm 
NOM 8ppm 
+ Br 0.3ppm 
NOM 4ppm  
+ Br 0.1ppm 
NOM 8ppm  
+ Br 0.3ppm 
UV/TiO2 k = 0.0104 
R
2
 = 0.9984 
k = 0.0091 
R
2
 = 0.9906 
k = 0.051 
R
2
 = 0.9966 
k = 0.0468 
R
2
 = 0.9934 
k = 0.1798 
R
2
 = 0.9989 
k = 0.136 
R
2
 = 0.9930 
O3/TiO2 k = 0.0148 
R
2
 = 0.9948 
k = 0.0136 
R
2
 = 0.9913 
k = 0.0086 
R
2
 = 0.9961 
k = 0.0074 
R
2
 = 0.9910 
k = 0.1124 
R
2
 = 0.9964 
k = 0.0994 
R
2
 = 0.9917 
O3/UV/TiO2 k = 0.0477 
R
2
 = 0.9932 
k = 0.0422 
R
2
 = 0.9907 
k = 0.1338 
R
2
 = 0.9936 
k = 0.0984 
R
2
 = 0.9943 
k = 0.3945 
R
2
 = 0.9968 
k = 0.36 
R
2
 = 0.9963 
 
It can be seen that the removal rate k value was highest for CFA with 2.24 and 1.81 
folds by O3/UV/TiO2 (NOM 4ppm + Br 0.1ppm and NOM 8ppm + Br 0.3ppm) than the 
summation of k values for UV/TiO2 and O3/TiO2 put together. Similarly k values of 
1.89 and 1.86 fold for ATN and 1.35 and 1.52 folds for DCF were observed for 
O3/UV/TiO2 than the summation of k values for other two processes of UV/TiO2 and 
O3/TiO2 put together. 
The relative concentration profiles for ATN, CFA and DCF were studied in presence of 
NOM and Br at varying concentrations. It was observed that the initial concentration 
120 
 
decreased slightly as the NOM and Br concentration increased for all the target PPCP 
compounds chosen as shown in Figures 3.16 and 3.17. 
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Figure 3.16. Effect of varying concentrations of NOM and Br on ATN, CFA and DCF 
a)  UV/TiO2  (b) O3/TiO2 and (c) O3/UV/TiO2  [Co = 10mg/L, TiO2 = 1g/m
2
, O3 = 2 
mg/L, UV = 13W,  T = 23 ± 1
o
C] 
  
It was observed that removal efficiency of CFA in solar/ZnO process showed an 
inhibitory effect due to the presence of 20mg/L HA thus decreasing the efficiency of 
degradation rate in winter.  Usually with increase in HA concentration, the light 
attenuation decreases the interaction of ATN, CFA and DCF with reduced number of 
available photons. The steady state concentration of ROS decreases effectively due to 
the reaction with HA and compete with ATN, CFA and DCF rather than ROS. Thus a 
decrease in photodegradation rate is mainly attributed to increase in HA concentration 
that mainly acts as inner filter (Gao and Zepp et al., 1998).  Studies have shown that in 
solar/TiO2 process, nitrate and bicarbonates showed a slight inhibitive effect on CFA 
degradation. Thus nitrate can also act as inner filter for the UV light as it absorbs light 
in the UV range (Zepp et al., 1987). 
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Figure 3.17.  Determination of rate constant k, min
-1
at varying concentrations of NOM 
and Br on ATN, CFA and DCF using UV/TiO2  (b) O3/TiO2 and (c) O3/UV/TiO2  [Co = 
10mg/L, TiO2 = 1g/m
2
, O3 = 2 mg/L, UV = 13W,  T=23 ± 1
o
C]. 
 
The photodecomposition of DCF also gets affected due to the presence of humic acids 
that act as inner filters (Andreozzi et al., 2003). Finally, the content of humic substances 
in different surface waters plays an important role in absorption or transmission of light 
(Huovinen et al., 2003). 
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3.5.5    Identification of UV-transformation products 
Quantification of ATN, CFA and DCF and identification of the transformation products 
were performed by using Agilent 1290 (HPLC) coupled with 6460 Triple Quadrupole 
Mass Spectrometer. Higher sensitivity and structural information was obtained for CFA 
and DCF using a fragmentor voltage of 60 V while 100 V was used for ATN to study 
the formation of ion fragments other than deprotonized molecular ion [M-H]
-
, Santos et 
al., 2000.  
3.5.5.1  Degradation products of Atenolol 
The spectrometric data obtained from ozonation, UV, and UV/O3 analysis were 
compared with initial ATN control sample by taking a known aliquot at different 
intervals of time. Figure 3.18, 3.19 and 3.20 presents the MS/MS spectrum in ATN, 
CFA and DCF and fragmentation of transformation products. At pH 7, 8 and 9, a total 
of 12 transformation products were formed for ATN when subjected to ozonation. As 
the pH was increased from 7 to 9 for ATN, the amount of hydroxide ions produced also 
increased and thus the basicity of the solution acting as an initiator and more number of 
transformation products were detected.  Fragmentation of protonated ATN by LC-
MS/MS is shown in Figure 3.18a with their molecular ion, [M+H]
+  
of m/z 267.1710.  
When ozonation was applied to ATN, transformation products obtained were aromatic 
ring opening reaction between both •OH and ozone, oxidation and cleavage of 2-
hydroxy-3-(isopropylamino) propoxy group and mono-, di and tri-hydroxylation 
reactions and their derivatives.  ATN was also mainly degraded by reaction of •OH 
with aliphatic chain. 
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Figure 3.18b shows insertion of OH groups into the aromatic ring by m/z 299.1926 
dihydroxylated forming 2-hydroxy-3-(isopropylamino)propoxy chain of atenolol of m/z 
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134 ion. Breakdown of C10-O bond of atenolol leads to formation of m/z 134 and m/z 
152 as other atenolol breakdown products.  By the loss of one water molecule each in 
Figure 3.18b and Figure 3.18c from molecular ions, a prominent product ion is formed 
at m/z 116.1058 and m/z 134.0631. Figure 3.18d shows the aromatic ring breakdown 
product of atenolol at m/z 206.0809 and loss of one water molecule shows a prominent 
peak at 188.0703.  
 
 
Figure 3.18e illustrates m/z 238.1433 formed by the degradation of atenolol at 2-
hydroxy-3-(isopropylamino)propoxy group by the loss of formamide from isopropyl 
group.  
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The ion peak observed at m/z 225.1228 is formed through the loss of isopropyl from the 
molecular ion as illustrated in Figure 3.18f.  
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Compounds with m/z 283 mono-hydroxylated and m/z 299 di-hydroxylated Figure 
3.18g were detected as the transformation products with [M+H]+ ion. From [M+H]+ 
ion of atenolol, addition of 16 and 32 amu forms mono- and di-hydroxylated atenolol 
which indicates the addition of one and two hydroxyl groups to the atenolol. Figures 
3.18h, i and j represents atenolol with [M+H]+ ion of m/z 283 with three species of 
monohydroxylated labeled as 283-1, 283-2 and 283-3. By the loss of one water 
molecule from 283-1 which is more polar than atenolol,  elutes earlier forming another 
most dominant product at m/z 265.1526 in the MS/MS spectrum. 283-2 and 283-2 are 
less polar compared to atenolol and hence elutes at longer retention time. As an electron 
withdrawing group, when hydroxyl group is added close to secondary amine to the 
carbon atoms, the electron density of nitrogen group is reduced thus decreasing the 
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polarity of that compound. Further, m/z 206.0809 is formed due to the loss of hydroxyl 
and isopropylamine group from fragmentation of m/z 265.1526 as illustrated in Figure 
3.18d. 
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Figure 3.18. (a) to (m) Spectrum of ATN and its transformation products by MS/MS 
with its proposed structure and molecular ion [M+H]
+   
 
Figures 3.18k,l and m illustrates the degradation by-products of monohydroxylated 
atenolol labeled as 281-1, 281-2 and 281-3 with molecular ion peak at 281.1500. Most 
of these transformation products agree well with the literature as per Tay et al., 2011. 
The reactive species is 
.
OH at basic pH during ozonation. An unselective behavior of 
.
OH at different reaction sites in reacting to ATN increased the aromatic ring oxidation 
and aliphatic chain by-products. Hydroxylation is the main reaction mechanism in the 
ozonation of ATN under various pH conditions based on identified transformation 
products. 
 
3.5.5.2  Degradation products of Clofibric acid  
For CFA, various aliphatic and aromatic photocatalytic degradation products were 
identified and quantified by multi-step degradation steps.  The main transformation 
pathways for CFA are interconnected pathways and multi-step involving various 
oxidative and reductive degradation routes. 2-(4-hydroxyphenoxy)-isobutyric acid, 
Isobutyric acid, hydroxyisobutyric acid, hydroquinone, 4-chlorophenol and 4-
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chlorocatechol are some of the photocatalytic degradation products of CFA as per 
literature (Doll et al., 2004). Some of degradation products were characterized by the 
use of mass spectra interpretation.  
 
Figure 3.19. Various oxidative and reductive pathways for degradation of CFA 
 
Therefore it indicates that photocatalysis is a powerful tool to mineralize CFA.  Another 
promising technology to degrade CFA is the use of semiconductor photocatalysis. 
Transformation, deactivation and minimization of persistent compounds are of the goals 
of the usage of photocatalysis and should enhance biodegradability of pollutants as a 
treatment step but not complete mineralization. The formation of pharmaceutical by-
products at the water treatment is unavoidable and cost-effective treatment is not 
practicable. In order to optimize each treatment process, by-product evaluation is the 
key to identify these highly toxic compounds at low levels for assessment of treated 
water. A combination of O3/UV/TiO2 will be a promising advanced water treatment 
technique. 
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3.5.5.3   Degradation products of Diclofenac  
In diclofenac an initial photocyclization step leads to formation of 1-(8-
chlorocarbazolyl) acetic acid. Other carbazole products (Moore et al., 1990; Encinas et 
al., 1998) are produced subsequently by photodechlorination. 
Andreozzi et al., (2003) and Packer et al., (2003) reported photolysis of diclofenac by 
hydroxyl radical-mediated although singlet oxygen also takes place in some. Both 
singlet oxygen and hydroxyl radicals act as strong oxidant species that enhances 
indirect photolysis apart from direct photolysis reported for diclofenac in various 
studies (Tixier et al., 2003; Andreozzi et al., 2003; Agüera et al., 2005). The log KOW 
values calculated for carbazole and diphenyl derivatives and diclofenac are 1.35 to 3.19 
(±0.47), 3.61 and 5.10 (±0.47) and 4.12 ± 0.47 respectively. It was presumed that 
diphenylamine derivatives are the main reason for enhanced phytotoxicity. The 
phototransformation products of diclofenac indicated an increase in enhanced toxicity 
of 5-6 times compared to the parent substance.  It was observed that in reversed-phase 
chromatography, the phototransformation products eluted earlier and were more polar 
than DCF. Aguera et al., 2005, showed 11 of 13 products as being more hydrophilic 
than diclofenac based on calculation of log KOW values for all the decomposition 
products. In humans, the cyclooxygenase enzyme(s) (COX1/2) were inhibited by 
diclofenac.  
It was observed that formation of photosensitive photolysis products, stable and 
metastable is linked to decomposition of DCF as 2, 6-dichloroaniline, 2,6-
dichlorophenol and 2-chloroaniline, were identified as three new UV-decomposition 
products of DCF. In the present study, only two photolysis products namely, 2-
chloroaniline and 2, 6-dichloroaniline were observed as shown in Figure 3.20a and b.  
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Figure 3.20. (a) and (b) Spectrum of DCF and its transformation products by MS/MS 
with its proposed structure and molecular ion [M+H]
+   
 
The 8-Hydroxy- and 8-Chlorocarbazole derivatives and 2-Chloro- and 2,6-
Dichlorodiphenylamine derivatives are the two main substructures among several 
photochemical decomposition products reported (Moore et al., 1990; Agüera et al., 
2005). A rapid 6π electrocyclization lead to formation of 8-Hydroxy- and 8-
Chlorocarbazole derivatives followed by dehydrohalogenation (Encinas et al., 1998). 
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3.6 Conclusions  
 
Some of the conclusions and future recommendations are  
 The kinetics of degradation and optimum reactor conditions will provide useful 
information for scaling up of AOP for the removal of PPCPs.  
 
 Photodegradation rates will provide an insight to the environmental life time of 
such chemicals in natural water  
 
 Provide comprehensive information useful for predicting the fate and transport 
of environmental pollutants.  
 
 Increasing the concentration of HA, Nitrates and Chlorides can be studied 
further to gather more information on the efficiency of O3/UV/TiO2.  
 Immobilization of Degussa P25 catalyst was achieved successfully as a uniform 
thickness layer of coating could be obtained with 2%, 4% and 20%.  
 All the optimized conditions were fed into the reactor for degradation of PPCP 
compounds [O3=2ppm, TiO2 = 1g/m
2
, UV = 13W] in secondary effluent. 
 A comparison of various AOPs conducted on secondary effluent revealed that 
O3/UV/TiO2 was able to remove 99.9% of ATN in 90 min, 99.5% of CFA in 
30min and 99.9% of DCF in 15min respectively. Hence O3/UV/TiO2 is 
considered as the best treatment option for the removal of these PPCP 
compounds from secondary effluent.  
 100% ATN removal could be achieved in 60 min by increasing the pH from 7 to 
9.   
 The concentration of organic matter and various ions in secondary effluent had 
negligible effect in percent removal of ATN, CFA and DCF.  
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 Increasing the catalyst loadings to 40 – 50% would reduce the number of dip-
coating and drying cycles.  
 Other PPCP compounds that show very low degradation rates can also be 
studied for their kinetics.   
 Photocatalytic efficiency of O3/UV/TiO2 can be studied further by increasing the 
NOM concentration to 25, 50, 100 and 250ppm.  
 Cost-benefit analysis of preparation of immobilized catalyst and use of 
O3/UV/TiO2 at an industrial scale is really a challenging task and should be 
considered. 
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Chapter 4  
4   Preparation of Indium Oxide nanocubes, porous 
microspheres, nanoplates and nanocrystals, its 
characterization and application in degradation of PPCPs 
from wastewater  
 
4.1 Introduction 
In the last century, society, through either industry, agriculture or in households, used 
more than 100,000 chemicals that entered the environment without a proper assessment 
of the direct or indirect consequences and health effects on humans. Even though 
environmental risk assessment (ERA) has been catching up with these chemicals since 
the mid-1980s, it is now known that drugs were not included in these studies. Hence 
there is a need to know the occurrence, the fate and the effect of approximately 4000 
medical compounds that are being used in drugs today and their ERA. These drugs are 
not readily biodegradable, are biologically active and have high water solubility.  
For the present study, Atenolol, Clofibric acid and Diclofenac are the three 
pharmaceutical and personal care products (PPCPs) studied in detail for assessment of 
their degradation and its kinetics in the environment. According to the rankings of 
active pharmaceutical ingredients (APIs) present in sewage in Germany in 2005 based 
on a threshold of  6 t, Diclofenac ranks 15
th
 with input of 16.2 t, while Atenolol ranks 
31
st
 with input of 8.3 t. It was also observed that according to the consumption of 
selected pharmaceuticals in Germany on a nation-wide (Kummerer et al., 2008, 
excretion rate not included) atenolol ranked 12
th
 with 8.7 t consumption for the 
population and with 0.11 g per capita and 0.7 % yearly share. In comparison, a local 
catchment, AZV Breisgauer Bucht, shows atenolol at 5
th
 ranking with 145.5 t 
consumption and 0.43 g per capita and 2.2 % yearly share. In a study conducted by 
Heberer and Feldmann (2005), it was found that in total, 2.0 kg per week of the anti-
epileptic drug carbamazepine (105 kg per year) and 4.4 kg per week of the nonsteroidal 
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anti-inflammatory drug diclofenac (226 kg per year) were discharged into Berlin’s 
surface water. 
Most of the pharmaceuticals and personal care products (PPCPs) are resistant to 
conventional treatment processes. These compounds are discharged into the 
environment and are subjected to the same potential transport and degradation 
processes as other organics such as herbicides, (poly) aromatic compounds, solvents, 
polychlorinated biphenyls and insecticides. In general, most of these PPCPs enter the 
aquatic environment after passing through the human and animal digestive systems and  
are modified by a biochemical metabolism and if they are resistant to acid- and 
enzyme-promoted hydrolysis reactions, then they are released into the environment 
unaltered (Arnold and McNeill, 2003). 
Two most important metabolic enzymes oxidize drugs that are present in the bodies, but 
differ in their substrate scope and product distribution namely, Cytochrome P450 
located in the liver hydoxylates C-H bonds and widely distributed monoamine oxidase 
(MAO) deaminate primary and secondary amines oxidatively. For example, 
pharmaceuticals such as misoprostol and aspirin are not released into the environment 
in their parent form as these compounds are rapidly hydrolyzed in the stomach. 
Metabolic enzyme-mediated oxidation processes has been observed in tolbutamide, a 
drug used to treat diabetes, and epinephrine, which lead to additional pharmaceutical 
species being released into the environment (Thomas and Ikeda, 1966; Blashko, 1954). 
Cytochrome P450 has been estimated to metabolize over half of all drugs (Guengerich, 
2006). 
Several semiconductor materials, such as Ga2O3, ZnS and NiO have been screened 
previously. It has been found that Indium oxide (In2O3) is more effective in the 
decomposition of perfluorooctanoic acid (PFOA) under UV irradiation than titanium 
dioxide (TiO2). In2O3 has a direct bandgap of 3.55-3.75 eV (Liang et. al., 2001) at room 
temperature, which is close to that of GaN and is an n-type semiconductor. In recent 
years In2O3 has garnered much attention due to its wide bandgap and has attracted 
many applications in photocatalysis (Li et. al., 2006), nanoscale biosensors (Curreli et. 
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al. 2005), holographic recorders (Maillis et. al., 1996), field-emission and flat panel 
displays, thin film transistors (Lavareda et. al., 2006), electro-optic modulators, 
optoelectronics, lithium ion battery (Kim et al., 2007), gas sensor (Bianchi et al., 2006), 
as window heater in the electronic field, nanoelectronic building blocks, electrochromic 
mirrors (Gurlo et. al, 1997, Soulantica et. al., 2003 and Zhang et. al., 2003) and solar 
cells (Manifacier et. al., 1979).  
Table 4.1. Comparison of various types of In2O3 nanostructures produced by different 
methods comprising of all three phases, namely, the solution, solid and vapor phase and 
their properties 
Type Method Properties References 
Nanospheres Titania / Indium 
Oxide 
photo catalytically active, 
degrades 2-chlorophenol 
effectively 
Shchukin et 
al., 2004 
1-D nanostructures vapor-solid 
mechanism 
optoelectronic properties Zhang et al., 
2003 
Nanowires carbothermal 
reduction 
reaction 
photo luminescent  Wu et al., 
2003 
Nanofibers electro-spinning  optical  Zhang et al., 
2007 
Nanocubes precipitation          NA Maqueda et 
al., 1998 
Whiskers and bi-pyramidal 
nanocrystals 
carbothermal  H2S gas sensors Kaur et al., 
2008 
Nanobelts physical vapor 
deposition 
        NA Jeong et al., 
2004 
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Oxide films electrochemical 
deposition 
         NA Ho et al., 
2006 
Porous oxide thin films electrostatic 
spray deposition 
         NA Ghimbeu et 
al., 2008 
Nanocrystals simple solution 
routes 
          NA Chu et al., 
2007 
Single crystalline nano 
pyramids and nano columns  
Direct photoluminescence Guha et al., 
2004 
Porous microsphere, 
nanocubes and nanoplates 
solvothermal  
process 
degrades perfluoro- 
octanoic acid effectively 
Li et al., 
2013 
Nanometer-sized particles reverse micro 
emulsion 
        NA Zhan et al., 
2004 
NA = Not Available 
 
In2O3 nanostructures have been created by various methods to date, such as hollow 
spheres, lotus-root-like nanostructures, hierarchical microspheres and flower-like 
microstructures.  Various synthesis methods that were utilized include using plant 
extract solution of aloe vera and indium acetylacetonate, and a novel synthesis of In2O3 
nanoparticles with particle sizes of 5-50 nm by Maensiri et al., (2008). Similarly, 
RAPET (reaction under the autogenic pressure at elevated temperature) method was 
employed by George et al., (2008) for preparing In2O3 nanocrystals of average thickness 
48 nm and average length 60 nm. Though various methods were utilized in the 
preparation of In2O3 as shown in the Table 4.1 there is still a requirement to produce 
small particle sizes of high purity, homogeneity, non-toxicity, simplicity and cost 
effectiveness at low temperatures. In addition, there is the need to synthesize the 
nanostructured materials in such a way that the characteristics of the synthesis depends 
on the size, shape and size distribution of small units.  
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Due to its high electrical conductivity and high transparency in the visible region, the 
current motivation is to use indium oxide nanoparticles to investigate the removal of 
selected PPCPs from wastewater by the transparent conducting oxides (TCOs) 
approach.  
 
4.2 Materials and Methods 
 
4.2.1 Reagents and chemicals  
Indium (III) nitrate hydrate, 99.99%, 1, 2-Diaminopropane, 98% and 1, 3-
Diaminopropane, 98% were purchased from Alfa Aesar. Atenolol (ATN), Clofibric 
Acid (CFA), Diclofenac Sodium (DCF), Titanium Dioxide Degussa P25 and 
nitrocellulose membrane filters (pore size 0.22µm and diameter 47mm) were purchased 
from Sigma Aldrich. Ethanol was purchased from chemistry stores at the University of 
Western Ontario. 100mL PTFE liner was purchased from Parr Instruments, USA.  
Exactly 10,000mg/L of individual stock solutions of ATN and CFA and 1,000mg/L of 
DCF were prepared in high purity water by weighing on the Mettler balance to 0.0001g 
and made up to the desired volume and stored at -20
0
C. A 10mg/L working solution 
was obtained by spiking a known aliquot of stock solution to 1L of secondary effluent. 
All aqueous solutions including 1M hydrochloric acid (HCl) and 1M sodium hydroxide 
(NaOH) were prepared with high purity water produced with a Thermo Barnstead 
Nanopure System (Thermo Fischer Scientific, Whaltman, MA, USA).  
 
4.2.2 Experimental Methodology 
Two different methods were employed to prepare In2O3 nanostructures from 
In(NO3)3·4.5H2O and a comparison is performed on their removal efficiencies of 
PPCPs from wastewater.  
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4.2.2.1 Synthesis of In2O3 from In(NO3)3·4.5H2O via In(OH)3  
by Solvothermal process 
A solvothermal process as per Li et al., 2013 has been used in the synthesis of various 
In(OH)3 nanostructures. In the synthesis of In(OH)3 nanocubes, 34 mL of water was 
added to dissolve 1.77mmol of In(NO3)3·4.5H2O. While continuously stirring on a 
magnetic stirrer, 34mL of 1, 2-propanediamine was added to the above solution.  
 
Figure 4.1. Stainless steel autoclave used to synthesize nanocubes, nanoplates and 
porous microspheres in Parr reactor at 180
◦
C ± 2
◦
C for 16h  
 
The mixture was then transferred to a 100mL teflon lined stainless steel autoclave after 
stirring for 15 min. The Parr instrument (Parr 4848 reactor controller) was set at 180
◦
C 
± 2
o
C for 16 h ± 1 h after sealing the autoclave as shown in Figure 4.1. Once the 
reaction was complete, the autoclave was naturally allowed to cool to room temperature 
and after centrifugation, the white precipitate of In(OH)3 was collected, washed several 
times with high purity deionized water and ethanol.  Similarly, In(OH)3 porous 
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microsphere was synthesized using the same procedure as above except the solvent was 
changed to ethanol and 1, 2-propanediamine whereas In2O3 nanoplates was synthesized 
similarly except the solvents used were water and 1,3-propanediamine (Li et al., 2013).  
 
Figure 4.2. Precipitates of 1) porous microspheres (MS) 2) nanocubes (NC) and 3) 
nanoplates (NP), obtained after autoclaving in Parr reactor at 180
◦
C ± 1
◦
C.  
 
Precipitates of In(OH)3 nanocubes (NC), nanoplates (NP) and porous microspheres 
(MS) obtained as shown in Figure 4.2 were dried at 60
◦
C for 2 h. After complete 
drying, the particles were ground to a powder with mortar and pestle and calcined.   
 
4.2.2.2 Formation of In2O3 nanocubes, nanoplates and porous 
microspheres 
In(OH)3 synthesized from the above procedure were later calcined by loading it onto 
small quartz boats and placed in a muffle furnace. The furnace temperature was raised 
to 500
◦
C at a rate of 1
◦
C/min and the temperature was maintained at 500
◦
C for 2 h in air. 
The furnace was later cooled to room temperature and the resulting light yellow color 
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of In2O3 was formed as shown in Figure 4.3. During calcination, the hydroxyl group was 
removed from indium hydroxide in the form of water vapor leading to the formation of 
oxygen vacancy as given in Eq. 4.1.  
             Eq. (4.1) 
 
 
Figure 4.3. Formation of In2O3 after calcination at 500
◦
C for 2h producing   1) MS,   2) 
NC and 3) NP 
 
The formation of oxygen vacancies is depicted in Eq. 4.2 as a result of some of the 
lattice oxygen released in the form of oxygen gas.  
                      Eq. (4.2) 
The formed neutral oxygen vacancies can be either ionized singly (Vo
.
) Eq. 4.3 or 
doubly (Vo
..
) Eq. 4.4 according to notation by Kröger-Vink (Cao et al., 2003 and 
Harvey et al., 2006), where e
-
 represents an electron in the conduction band, 
 
is an 
oxide anion in a regular lattice site and Vo is the neutral oxygen vacancy.  
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                        Eq. (4.3) 
                       Eq. (4.4) 
Electron Paramagnetic Resonance (EPR) analysis can be used to reveal the nature of 
oxygen vacancy in the synthesized In2O3 nano-particles (Seetha et al., 2009). 
 
4.2.2.3 Preparation of In2O3 nanocrystals from In(NO3)3·4.5H2O 
by a simple co-precipitation method 
A 0.025 mol ratios of In(NO3)3·4.5H2O was prepared as per Chandradass et al., 2011 by 
dissolving it in 50 mL distilled water while continuously stirring on a magnetic plate at 
room temperature for half an hour. To this solution, ammonium hydroxide was added 
slowly until the pH was 9. Figure 4.4 shows the white precipitate obtained after 
washing several times with ethanol and dried in the oven for 24h at 80
o
C. The dried 
powder was then transferred to an alumina crucible and calcined at 400
o
C by raising the 
temperature at the rate of 1
o
C/min in an air temperature (Chandradass et al., 2011) and 
maintained it at that temperature for 2 hrs before cooling down to room temperature. 
 
Figure 4.4. White precipitate of In(NO3)3·4.5H2O after co-precipitation followed by 
drying at 80
o
C for 24h.  
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The yellow nanoparticles as shown in Figure 4.5 thus obtained are further characterized 
for their activity.  
 
Figure 4.5. Yellow In2O3 nanocyrstals obtained after calcination at 400
o
C for 2h.  
 
4.2.2.4 Characterization 
The obtained In2O3 nanocubes, nanoplates, porous microspheres and nanocrystals were 
characterized as per Table 4.2 shown.  
Table 4.2. Characterization of various types of In2O3 using various equipment types 
Equipment Characterization 
High resolution-scanning electron microscopy (Leo-Zeiss, 
1540XB FIB/HR-SEM)  
Surface morphology 
Energy-dispersive X-ray spectroscopy (EDX) Elemental composition 
Fourier transform infrared spectrometer (FTIR) Bruker 
Tensor II system with Hyperion 2000 microscope  
Identification of 
functional groups 
150 
 
The surface morphology was characterized using Leo (Zeiss) 1540XB FIB/SEM. The 
samples were prepared for micromachining using Focused Ion Beam (FIB) by sputter 
milling which can be monitored with the help of electron column at high resolution in 
real time where sub-100nm resolution can be achieved by selective etching or material 
deposition with appropriate gas precursor.  FIB was used for sectioning of samples in-
situ and the prepared milled samples were imaged by SEM.  
The samples were analyzed directly by FTIR spectroscopy in the range from 500 – 
4000 cm
-1
 using platinum-attenuated total reflectance accessory equipped with a 
diamond crystal in the Bruker Tensor II main box.  This experimental setup allows one 
to analyze an area of approximately 2mm x 2mm to a depth of 0.6-5 microns.   
 
4.2.2.5  Photocatalytic procedures 
Approximately 20 L of secondary effluent (SE) from Adelaide Pollution Control Plant, 
London, ON, Canada was collected by grab method, filtered through 0.22um filter 
paper and stored in 1 L amber colored bottles. Approximately 5-8 drops of 25% (w/v) 
sodium thiosulphate were added to each bottle, shaken well and preserved at 4
o
C for 
further analysis. All the experiments with secondary effluent were performed with and 
without the addition of PPCPs by adjusting the pH to 7.0 with 1M HCl, and the 
temperature was maintained at 23 ±1
o
C.  In another set of experiments, the effect of pH 
at 3 was also investigated following the same steps as above with both secondary 
effluent and distilled water.  
To 1000mL of sample, 0.1 g of In2O3 catalyst was suspended at a pH adjusted to 7 and 
was stirred continuously to ensure adsorption–desorption equilibrium by complete 
mixing in the dark for 1h before irradiation. In the meantime, a 13 W low-pressure 
mercury lamp with UV light emitting at 254 nm was kept for warm-up to stabilize the 
lamp for 15 min. The suspension was then transferred into a tubular quartz reactor 
vessel and a known aliquot from the individual stock solution was spiked to obtain a 
known concentration of the mixed PPCP compounds while stirring continuously. A 
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cooling water jacket was kept around the reactor to maintain a constant temperature. 
During the whole reaction, oxygen was purged continuously at the flow rate of 
60mL/min into the reactor. After stabilization, the lamp was kept in the center of the 
reactor with a protection of two-layer quartz tubes.  Immediately 5mL of sample was 
withdrawn at regular intervals of 0, 5, 15, 30, 60 and 90 minutes respectively into 
amber glass vials after UV irradiation. The vials were spiked with 2-3 drops of sodium 
thiosulfate, mixed and stored under -20
o
C for further LC-MS/MS analysis. Under the 
same experimental conditions, another set of experiments were conducted with TiO2 
(Degussa P25) as reference.  The photocatalytic activity of In2O3 nanoparticles was 
compared with the photocatalytic activity of TiO2 under the same experimental 
conditions. The effect of pH was also investigated by altering the solution pH to 3 with 
1 M hydrochloric acid and followed the same experimental procedure under the same 
conditions as above. Another set of experiments were conducted for NCY following the 
same procedure as above and a comparison was made between secondary effluent and 
distilled water.  
 
4.2.2.6  Quantification of PPCPs by LC-MS/MS 
The concentrations of various PPCPs in secondary effluent were determined by Agilent 
1290 (HPLC), 6460 LC-MS/MS. An auto sampler injector with an injection volume of 
5 µL was passed through a Poroshell 120 EC- C18 2.7µm (3.0 x 150mm) column for 
separation of various analytes. Mobile phase A (10mM ammonium formate and 0.1% 
formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) were used 
for the analysis with a flow rate of 0.35 mL/min. A positive and negative ion 
electrospray interface (ESI) mode with Agilent 6460 LC-MS/MS was used in the PPCP 
analysis. A computer based software Mass Hunter, version B.05.01 was used to process 
the data by peak area method for the acquired chromatograms.  
By using linear regression, a six-point calibration curve was developed for each 
compound ranging from 0 to 200ng/mL as shown in Appendix 13 for ATN, Appendix 
14 for CFA and Appendix 15 for DCF.  R
2
 values has a linearity range between 0.99 – 
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0.999 for all the compounds with RSD values lower than 10%.  Percent recoveries 
ranged from 90 to 100 % for the effluent matrix.  The concentration of the unknown is 
calculated by using regression analysis of calibration standard.  
 
4.3 Results and discussion 
4.3.1 Morphology and crystal structure of calcined In2O3 
samples 
The synthesized particles were analyzed by Leo (Zeiss) 1540XB FIB/SEM for surface 
morphology. The images for microspheres as shown in Figure 4.6 confirm to the 
formation of hollow spheres with diameters in the range from ~50nm to ~250nm 
composed of several nanoparticles with diameters between ~10-20nm.  
 
Figure 4.6. (a, b, c and d). Leo (Zeiss) 1540XB FIB/SEM images of microspheres  
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The formed spheres look rugged as they are arranged randomly to form porous 
structures and nano particles aggregated and became larger during calcination. Figure 
4.7 shows formation of nanocube-like aggregates with ~50 to ~100nm with several 
oriented cube-like shapes and some interstices due to self-assembly process. During 
calcination, the interstices in In(OH)3 nanocubes collapse due to loss of water into small 
fractures that become agglomerated and as a result the morphology distorts. Inspite of 
its distortion, most of these particles exhibited cube-like shapes with each cube 
containing several nanoplates. 
 
Figure 4.7. (a and b). Leo (Zeiss) 1540XB FIB/SEM images of nano cubes at 1kV 
 
Figure 4.8 shows several nano plates with some interstices in between them due to loss 
of water during calcination with each nano plate composed of several smaller sizes of 
nano crystals. These nano plates have a side length of ~ 10-25nm with an edge length of 
~ 25-50nm.  
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Figure 4.8. (a and b). Leo (Zeiss) 1540XB FIB/SEM images of nano plates 
 
Figure 4.9. (a, b, c and d) Leo (Zeiss) 1540XB FIB/SEM images of nano crystals  
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Figure 4.9 shows the nano crystals containing definite shapes of some nano rods formed 
with around side length of 30 to 50nm after calcination with some interstices in 
between them. Initially small spherical nano crystals are formed as a result of 
nucleation and finally large crystalline nanorods are formed as the particles size grows 
and due to adhesion of the neighbouring nanoparticles at some point of time (Sarkar et 
al., 2009). Some of the shapes are not spherical but they are hexagonal in shape. 
 
4.3.2 FTIR spectra of calcined and AOP treated samples  
The FTIR spectra provide the chemical composition for the change in shifts and acts as 
a powerful tool for identifying and analyzing organic compounds. FTIR spectra for the 
four different nano particles obtained after calcination was carried out in the spectral 
range from 4000-500cm
-1
 and is compared against the spectra of Advanced Oxidation 
Process (AOP) treated with PPCP compounds of ATN, CFA and DCF after photolysis. 
 
Figure 4.10. FTIR spectra of In2O3 microspheres calcined at 500
o
C for 2h (a) before 
AOP treatment and (b) after AOP treatment of PPCPs. 
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Figure 4.10 shows the IR spectra of before and after AOP treatment of In2O3 
microspheres calcined at 500
o
C.  Table 4.3 lists the microsphere peaks obtained after 
AOP treatment of ATN, CFA and DCF with UV. These peaks are interpreted with 
standard peaks with their surface groups of FTIR. It was found that at 3360cm
-1
, a large 
absorption band was observed at that wavenumber which is characteristics of hydrogen 
bonds (H-bonded O–H stretching vibrations) occurring among hydroxyl groups or 
water molecules adsorbed on nano particles surface. The nitrate group shows an 
absorption band at 1382 cm
-1
 (Singh et al., 2003) and NH2 in-plane bending and/or 
asymmetric CO2 stretch at 1626 cm
-1
. 
    
 
Figure 4.11. FTIR spectra of In2O3 nano cubes calcined at 500
o
C for 2h (a) before AOP 
treatment and (b) after AOP treatment of PPCPs. 
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Figure 4.12. FTIR spectra of In2O3 nano plates calcined at 500
o
C for 2h (a) before AOP 
treatment and (b) after AOP treatment of PPCPs.  
 
Figure 4.13.  FTIR spectra of In2O3 nano crystals calcined at 400
o
C for 2h (a) before 
AOP treatment and (b) after AOP treatment of PPCPs.  
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Figure 4.11, 4.12 and 4.13 shows the presence of CO2 and OH vibrations due to the 
absorption of moisture from atmosphere after calcination. Aliphatic C-H stretching at 
increased temperature results in aliphatic loss as represented by FTIR bands at 2850-
2950 cm
-1
. It was also observed that C-O, C-C and C=C stretching takes place. Thus it 
can be seen that as the temperature is increased to 400 or 500
o
C for calcining the 
samples, the functional groups also changes (Lee et al., 2010). Finally a summary of all 
the synthesized nano materials are listed in Tables 4.4, 4.5 and 4.6 for nano cubes, nano 
plates and nano crystals with FTIR spectra peaks obtained after AOP treatment.  
 
Table 4.3. Comparison of FTIR spectra of microsphere peaks with literature values 
(Tom Tague).   
Microsphere 
Peak, cm
-1
 
Surface Group Peak Range, 
 ± 10 cm
-1
 
3360 OH stretching, one N-H stretching 
OH stretching (carboxylic acid) 
3200 – 3400 
2500 – 3500 
2924 CH2   (C–H asymmetric stretching of alkyl group) 2926 
2853 CH2 (C–H symmetric stretching of alkyl structures) 2855 
1626 NH2 in-plane bending, asymmetric -COO
-
 stretch 1580-1650 
1463 CH2 (Scissors bending) and symmetric -COO
-
 stretch 1455 
1382 CH-N-CH bending, OH bend 1390 
1047 C-O-C ether groups, primary alcohol, -CN stretching 1000-1075 
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Table 4.4. Comparison of FTIR spectra of nano cube peaks with literature values (Tom 
Tague).   
Nanocubes 
Peak, cm
-1
 
Surface Group Peak Range, 
± 10 cm
-1
  
3370 
 
OH stretching, one N-H stretching 
OH stretching (carboxylic acid) 
3200 – 3400 
2500 – 3500 
2957 C–H stretching of alkyl structures 2850 to 2950 
2925 CH2   (C–H asymmetric stretching of alkyl group)  2926 
2854 CH2 (C–H symmetric stretching of alkyl structures) 2855 
1646 aromatic and olefinic C=C vibrations, C=O in amide (I), 
ketone, quinone groups; bend deformation of water, -NH 
vibrations, asymmetric -COO
-
 stretch 
1400-1620 
1580-1650 
1586 NH2 in-plane bending 1580-1650 
1380 CH-N-CH bending, OH bend 1390 
1058 C-O-C ether groups, primary alcohol, -CN stretching  1000-1075 
 
An asymmetric and symmetric mode at around 3300 – 3400 cm-1 is mainly attributed 
due to water molecules while –CH2 groups are assigned due to strong peaks at 1455, 
2855 and 2926 cm
-1
. At ~1650cm
-1
, the peaks are assigned to asymmetric stretching 
modes of –COO group. –NH vibrations is mainly attributed due to strong peaks at 
around 1646 cm
-1 
and peaks at around 1058 is due to –CN stretching vibration bands. 
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Table 4.5. Comparison of FTIR spectra of nano plate peaks with literature values (Tom 
Tague).   
Nanoplates 
Peak, cm
-1
 
Surface Group Peak Range,  
± 10 cm
-1
 
3348 OH stretching, one N-H stretching 
OH stretching (carboxylic acid) 
3200 – 3400 
2500 – 3500 
2924 CH2   (C–H asymmetric stretching of alkyl group)  2926 
2854 CH2 (C–H symmetric stretching of alkyl structures) 2855 
1631 aromatic and olefinic C=C vibrations, C=O in amide (I), 
ketone, quinone groups; bend deformation of water, -NH 
vibrations, asymmetric -COO
-
 stretch 
1400-1620 
1580-1650 
1588 NH2 in-plane bending 1580-1650 
1378 CH-N-CH bending, OH bend 1390 
1059 C-O-C ether groups, primary alcohol, -CN stretching 1000-1075 
 
CH2 (scissors bending) at ~ 1463 cm
-1 
was observed for microspheres (Table 4.3), while 
NH2 in-plane bending was observed at 1586 cm
-1 
and C–H stretching of alkyl structures 
at 2957 cm
-1 
for nano cubes  (Table 4.4),  O–H stretching of phenolic compounds at 
1285 cm
-1 
and C-H deformation of CH3 group at 1467 cm
-1 
for nano crystals (Table 4.6) 
were observed for some but not for other nano structures.  
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Table 4.6. Comparison of FTIR spectra of nano crystal peaks with literature values 
(Tom Tague).   
Nano 
Crystals 
Peak, cm
-1
 
Surface Group Peak Range, 
± 10 cm
-1
  
3351 OH stretching, one N-H stretching 
OH stretching (carboxylic acid) 
3200 – 3400 
2500 – 3500 
2925 CH2   (C–H asymmetric stretching of alkyl group)  2926 
2852 CH2 (C–H symmetric stretching of alkyl structures) 2855 
1631 aromatic and olefinic C=C vibrations, C=O in amide (I), 
ketone, quinone groups; bend deformation of water,       -
NH vibrations, asymmetric -COO
-
 stretch 
1400-1620 
1580-1650 
1566 asymmetric CO2 stretch 1540-1650 
1467 C–H deformation of CH3 group, symmetric -COO
-
 stretch 1460 
1377 CH-N-CH bending, OH bend 1390 
1285 O–H stretching of phenolic compounds 1280–1270 
1027 C-O-C ether groups, primary alcohol, -CN stretching 1000-1075 
 
 
162 
 
4.3.3  Energy Dispersive X-ray (EDX) Spectroscopy 
An EDX spectra measurement for each nano structures was performed for all elements 
normalized with three iterations each. Figure 4.14 to 4.17 shows the spot EDX spectra 
for various nano structures that were prepared for SEM. Similarly Table 4.7 to 4.10 
shows semi-quantitative results in weight percent and atomic percent.  
 
Figure 4.14. Spot EDX spectra of In2O3 microspheres calcined at 500
o
C for 2h   
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From the spectra, it was observed that different samples showed slight variation in the 
concentration of In
+
 ion in the solution. At higher In
+
 concentration, the measured 
intensity of the film increases for In spectral lines. From scientific literature, it is known 
that the element abundance is directly proportional to the spectral lines intensities on 
EDX. The line EDX analysis also provides important information on chemical 
homogeneity of In films. The results on nano-films shows only an increase in 
concentration of In mainly attributed due to increased content of In and cannot 
distinguish between In atoms and elemental In.  Highest average weight % of Indium 
was observed for nano crystals as seen in Table 4.10, while lowest was observed for 
nano plates in Table 4.8. 
 
Table 4.7.  EDX results in duplicate for In2O3 microspheres after calcination. 
 MS-1 MS-2 
Element Weight % Atomic % Weight % Atomic % 
C K 3.80 16.14 4.16 14.96 
O K 15.03 47.90 21.12 56.97 
In L 80.71 35.84 74.65 28.05 
Os M 0.46 0.12 0.07 0.02 
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Figure 4.15. Spot EDX spectra of In2O3 nano plates calcined at 500
o
C for 2h   
 
Table 4.8. EDX results in duplicate for In2O3 nano plates after calcination 
 NP-1 NP-2 
Element Weight % Atomic % Weight % Atomic % 
C K 3.31 11.73 3.44 12.00 
O K 22.98 61.08 23.50 61.46 
In L 72.97 27.02 72.45 26.41 
Os M 0.73 0.16 0.61 0.13 
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Figure 4.16. Spot EDX spectra of In2O3 nano cubes calcined at 500
o
C for 2h   
 
Table 4.9. EDX results in duplicate for In2O3 nano cubes after calcination 
 NC-1 NC-2 
Element Weight % Atomic % Weight % Atomic % 
C K 3.52 12.76 3.27 11.44 
O K 21.67 58.95 23.53 61.84 
In L 74.34 28.18 72.64 26.60 
Os M 0.46 0.11 0.56 0.12 
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Figure 4.17. Spot EDX spectra of In2O3 nano crystals calcined at 400
o
C for 2h   
 
Table 4.10. EDX results in duplicate for In2O3 nano crystals after calcination 
 NCY-1 NCY-2 
Element Weight % Atomic % Weight % Atomic % 
C K 0.93 4.19 1.72 7.36 
O K 16.95 57.25 17.62 56.62 
In L 81.70 38.44 80.17 35.89 
Os M 0.42 0.12 0.49 0.13 
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4.3.4 Decomposition of PPCPs using various photocatalytic 
In2O3 nano particles 
Several experiments were conducted to study the decomposition of selected compounds 
of PPCPs from secondary effluent (SE) at an adjusted pH 7 and the photocatalytic 
activity was performed on various In2O3 structures for decomposition of PPCPs and to 
calculate its kinetics. The photocatalytic decomposition, percent reduction and apparent 
rate constants were determined for each type of nanoparticles for a reaction period of 
90min. A pseudo-first-order kinetics was observed for the photocatalytic decomposition 
of selected PPCPs by various nano particles. 
 
Figure 4.18. Photocatalytic decomposition of ATN, CFA and DCF by In2O3 
microsphere at pH 7 for SE at 23 ± 1
o
C   (a) C/Co (b) % Reduction and (c) ln Co/C  
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Figure 4.18, shows photocatalytic activity of microspheres with fastest degradation 
rates for DCF and slowest for ATN. Almost 99.9% reduction was observed for DCF 
within 15 min whereas CFA showed 100% in 30min followed by ATN with 99.9% 
reduction in 60min.  The rate constant for ATN, CFA and DCF photocatalyzed in 
presence of microspheres were 0.1156 min
-1
, 0.3009 min
-1
 and 0.4894 min
-1 
and follows 
the order DCF > CFA > ATN. The rate constant for DCF was almost 4.2 times higher 
compared to ATN for mesospheres.  
 
Figure 4.19. Photocatalytic decomposition of ATN, CFA and DCF by In2O3 nano plates 
at pH 7 for SE at 23 ± 1
o
C   (a) C/Co (b) % Reduction and (c) ln Co/C 
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Similarly the photocatalytic decomposition of ATN, CFA and DCF was conducted 
using nano plates (Figure 4.19) for secondary effluent at pH 7 and the rate constants 
were observed to be 0.101 min
-1
, 0.2597 min
-1
 and 0.427 min
-1
. The percent reduction 
of DCF was observed to be far greater compared to ATN.  
 
Figure 4.20. Photocatalytic decomposition of ATN, CFA and DCF by In2O3 nano cubes 
at pH 7 for SE at 23 ± 1
o
C   (a) C/Co (b) % Reduction and (c) ln Co/C  
 
Figure 4.20 and Figure 4.21 shows the photocatalytic decomposition of ATN, CFA and 
DCF by nano cubes and nano crystals, respectively and their rate constants were 
observed to be 0.0906 min
-1
, 0.186 min
-1
 and 0.4437 min
-1 
for nano cubes where as 
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0.0824 min
-1
, 0.1476 min
-1 
and 0.2796 min
-1 
for nano crystals as shown in Table 4.11 
for secondary effluent.  
 
Figure 4.21. Photocatalytic decomposition of ATN, CFA and DCF by In2O3 nano 
crystals at pH 7 for SE at 23 ± 1
o
C   (a) C/Co (b) % Reduction and (c) ln Co/C  
 
The rate constants was the highest for microspheres followed by nano plates, nano 
cubes and nano crystals and follows the order as MS > NP > NC > NCY (Table 4.11).  
It was observed that the rate constant for DCF was 4.2, 4.9 and 3.4 times greater 
compared to ATN for NP, NC and NCY.  The highest activity for DCF is because of its 
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Lewis acid–base character that acts as proton acceptor or proton donor due to the 
presence of secondary amino group and carboxylic group (Zilnik et al., 2007). A 
slightly lower rate constant was observed for NP whereas almost half for NCY 
compared to MS.  
 
Table 4.11. Rate constants (k, min
-1
) of various nano particles with their correlation 
coefficient (R
2
) values for ATN, CFA and DCF for SE 
  MS NP NC NCY 
  k, min
-1
 R
2
 k, min
-1
 R
2
 k, min
-1
 R
2
 k, min
-1
 R
2
 
ATN 0.1156 0.9978 0.101 0.9988 0.0906 0.9942 0.0824 0.9966 
CFA 0.3009 0.9989 0.2597 0.9995 0.186 0.9915 0.1476 0.9919 
DCF 0.4894 0.9959 0.427 0.9962 0.4437 0.9965 0.2796 0.9925 
 
These results follow the same order as that was observed for photocatalytic degradation 
of perfluorooctanoic acid (PFOA) where similar nanoparticles were used such as MS, 
NC and NP except NCY (Li et al., 2013) with highest photocatalytic activity observed 
for MS. 
 
4.3.5 Comparison of photocatalytic decomposition between 
distilled water and secondary effluent at pH 7 
A comparison of photocatalytic decomposition between pure distilled water (DW) and 
secondary effluent (SE) was performed at pH 7. Figure 4.22 showed a faster 
decomposition rate with distilled water compared to Figure 4.23 with secondary 
effluent. Within the first 5 min, the percent reduction for ATN, CFA and DCF in case 
of distilled water was observed at 39.5%, 75.9% and 94.9% and that of secondary 
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effluent was 28.7%, 62.6% and 85.2% respectively. The complete percent reduction for 
DW could be achieved in 60min, 30min and 15min for ATN, CFA and DCF while SE 
showed slightly longer reaction time for complete removal.  
 
Figure 4.22. A comparison of photocatalytic decomposition of ATN, CFA and DCF by 
In2O3 NCY at pH 7, 23 ± 1
o
C between DW and SE 
 
Figure 4.23. Percent reduction of ATN, CFA and DCF by In2O3 NCY at pH 7, 23 ± 1
o
C 
between DW and SE 
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The rate constant at pH 7 for distilled water was 0.1089 min
-1
, 0.1964 min
-1 
and 0.4268 
min
-1 
for ATN, CFA, and DCF whereas it was 0.0824 min
-1
, 0.1476 min
-1 
and 0.2796 
min
-1 
which shows that distilled water has a higher rate constant and hence higher 
removal efficiency compared to secondary effluent as shown in Figures 4.22 and Figure 
4.23.  The slightly lower decomposition activity of secondary effluent over distilled 
water is due to the presence of various ions such as nitrates, chlorides, bicarbonates and 
natural organic matter that inhibits the photocatalytic decomposition efficieny and 
hence delays the decomposition although complete removal was observed within 90min 
of reaction time. 
 
4.3.6 Effect of pH  
The photocatalytic decomposition of ATN, CFA and DCF was also conducted using 
nano crystals (NCY) by varying the pH and studying the removal efficiency at 3, 5 and 
7.   
 
Figure 4.24. Percent reduction of ATN by NCY on SE at pH 3, 5 and 7 
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Figure 4.24 shows increase in the percent reduction for ATN at 99.9% in 90 min at pH 
3 to 99.1% in 60 min when pH was increased to 7.  This increase for ATN is due to its 
high pKa value of 9.16. 
 
Figure 4.25. Percent reduction of CFA by NCY on SE at pH 3, 5 and 7 
 
 
Figure 4.26. Percent reduction of DCF by NCY on SE at pH 3, 5 and 7 
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Figure 4.25 shows decrease for CFA from 99.5% in 30 min at pH 3 to 100% in 60 min 
at pH 7 and from 99.4% in 15 min at pH 3 to 100% in 30 min at pH 7 for DCF when 
the pH was increased from 3 to 7 as shown in Figure 4.26. On the contrary, when the 
pH was decreased from 7 to 3, the percent reduction increased for DCF and CFA and 
decreased for ATN.  
 
Figure 4.27. Rate constants of ATN, CFA and DCF by NCY on SE at pH 3 
 
The rate constants for NCY were obtained for secondary effluent at pH 3, 5 and 7 by 
plotting reaction time in min vs. ln Co/C for ATN, CFA and DCF. The total reaction 
time was conducted for 90min.  
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Figure 4.28. Rate constants of ATN, CFA and DCF by NCY on SE at pH 5 
 
 
Figure 4.29. Rate constants of ATN, CFA and DCF by NCY on SE at pH 7 
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The rate constants for ATN, CFA and DCF at pH 3 for Figure 4.27 were observed to be 
0.0716 min
-1
, 0.1904 min
-1
 and 0.3601 min
-1
.  Similarly, Figure 4.28 and Figure 4.29 
showed the rate constants for ATN, CFA and DCF at pH 5 to be 0.0778 min
-1
, 0.1619 
min
-1
, 0.3264 min
-1
 and at pH 7 to be 0.0824 min
-1
, 0.1476 min
-1
 and 0.2796 min
-1
 
respectively. These results show that the highest rate constants were observed to be for 
DCF followed by CFA and ATN.  
 
4.3.7 Comparison of various In2O3 nano structures with AOPs  
The photocatalytic decomposition of ATN, CFA and DCF was investigated using 
various nano structures obtained by various synthesis processes of MS, NP, NC and 
NCY and compared versus UV/TiO2, O3/TiO2 and O3/UV/TiO2 for secondary effluent 
and the results are plotted.   From Figure 4.30 and Figure 4.31, it shows that the 
photocatalytic decomposition and removal efficiency for ATN was highest for 
microsphere and the least for UV/TiO2, whereas the photocatalytic activity and removal 
efficiency was least for CFA with O3/TiO2 and for DCF, the least degradation was 
observed to be with UV/TiO2 and O3/TiO2.  
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Figure 4.30. Comparison of photocatalytic decomposition of MS, NP, NC and NCY 
In2O3 versus UV/TiO2, O3/TiO2 and O3/UV/TiO2 for SE at pH = 7, T = 23 ± 1
o
C (a) 
ATN (b) CFA and (c) DCF 
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Figure 4.31. Comparison of removal efficiency of MS, NP, NC and NCY In2O3 versus 
UV/TiO2, O3/TiO2 and O3/UV/TiO2 for SE at pH = 7, T = 23 ± 1
o
C (a) ATN (b) CFA 
and (c) DCF  
 
Table 4.12. Rate constants (k, min
-1
) of various AOPs with their correlation coefficient 
(R
2
) values for ATN, CFA and DCF for SE (Chapter 3. V.R. Kandlakuti). 
PPCPs  ATN CFA DCF 
AOPs k, min
-1
 R
2
 k, min
-1
 R
2
 k, min
-1
 R
2
 
UV/TiO2 0.0128 0.9953 0.0715 0.9981 0.2127 0.9974 
O3/TiO2 0.0185 0.9973 0.0102 0.9978 0.1386 0.995 
O3/UV/TiO2 0.0541 0.9977 0.1695 0.9927 0.4616 0.9983 
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A comparison of rate constant for UV/TiO2, O3/TiO2 and O3/UV/TiO2 are shown in 
Table 4.12. It can be seen that for DCF, MS showed an increased rate constant of 
0.4894 min
-1
 compared to 0.4616 min
-1
 of O3/UV/TiO2. For CFA and ATN, the rate 
constant of MS was almost double compared to O3/UV/TiO2. It can also be seen that 
NP and NC has higher k values for CFA and ATN but slightly lower k values for DCF 
compared to O3/UV/TiO2. The k values for ATN with NCY were higher compared to 
O3/UV/TiO2. 
As per FTIR spectral results, it can be seen that due to presence of hydroxyl groups, the 
surface of nano particles is highly active which produces several types of defects. Other 
point defects and oxygen vacancies originate in these defects due to high active surface 
on indium oxide nano particles. On the hydrophilic surface of the oxide several In
3+
 
ions may be found due to high specific surface area of indium oxide nano particles 
(Taguchi and Saito, 1999). Water molecules or hydroxyl groups produce hydrogen 
bonds that may adsorb on the surface of nano particles. From literature (Ohhata and 
Shinoki, 1979) it was observed that nanostructures and thin films emit 
photoluminescence compared to conventional micron sized In2O3 which at room 
temperature does not emit light (Murali et al., 2001; Seo et al., 2003; Zhao et al., 2004; 
Zhou et al., 1999; Peng et al., 2002 and Guha et al., 2004). According to Li et al., 
(2013) the surface area of microspheres determined by BET was far greater compared 
to other nano particles offering greater reaction centers for active adsorption and higher 
activity which closely agrees to the microspheres prepared in the present study showing 
greater number of porous microspheres for increased activity.  
Based on the above observations, it is seen that microspheres, nanoplates and 
nanocubes acts as a very good substitute for O3/UV/TiO2 in the degradation of ATN, 
CFA and DCF from secondary effluents. Indirect 
.
OH radicals for TiO2 or direct hole 
oxidation for In2O3 are the two types of mechanisms proposed by Li et al., 2012 for 
PFOA decomposition. Similar assumptions can be made in the present study, as it was 
observed that the rate constants were higher for PPCPs decomposition by In2O3 nano 
particles compared to indirect 
.
OH radicals for TiO2. Although indirect 
.
OH radicals 
showed effective removal of PPCPs from SE, but a tight coordination between In2O3 
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and PPCPs may be due to bridging or bidentate mode which may provide a higher 
activity of In2O3 to photo generate holes under UV irradiation thus directly aiding in the 
decomposition of PPCPs. The high specific surface area on the surface of a 
photocatalyst will enable the photocatalytic reaction to take place and depends on the 
various nano structures and their preparation that leads to different oxygen vacancies 
and surface area on the catalyst (Li et al., 2013). The chemical states of surface O and 
In elements may undergo direct charge transfer between functional groups of ATN, 
CFA and DCF and In2O3 leading to the adsorption and decomposition of PPCPs.   
 
4.4 Conclusion 
 A solvothermal and co-precipitation method followed by calcination was used 
to synthesize four nanostructures of porous microspheres, nanoplates, 
nanocubes and nano crystals.  
 The photocatalytic decomposition of ATN, CFA and DCF by MS was greater 
due to higher oxygen vacancies and surface area compared to NP, NC and NCY 
and follows the order MS > NP > NC > NCY. 
 Photocatalytic activity of DW was higher compared to SE for NCY. 
 The photocatalytic activity of porous microspheres, nanoplates, nanocubes and 
nanocrystals exhibited superior catalytic performance compared to O3/UV, 
UV/TiO2 and O3/UV/TiO2 in the degradation of ATN, CFA and DCF from 
secondary effluents.  
 Complete photocatalytic decomposition could be achieved at a faster rate 
compared to O3/UV/TiO2. 
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Chapter 5  
 
5 Preparation and characterization of Biochar and its 
application in the removal of PPCPs from wastewater 
and comparison to removals by natural zeolites 
 
5.1 Introduction 
For the past 30 years pharmaceuticals and personal care products (PPCPs) have fuelled 
the interest to research beyond surface-water bodies to examine issues in other matrices 
such as groundwater (Mozaz et al., 2004; Kreuzinger et al., 2004;  Scheytt et al., 2004; 
Heberer et al., 2004; Bruchet et al., 2005; Verstraeten et al., 2005), landfill leachates 
(Barnes et al., 2004; Bound et al., 2005;  Slack et al., 2005), sediments (Aguera et  al., 
2003 and Morales et al., 2005) and biosolids (Harrison et al., 2006 and Kimney et al., 
2006) and their fate and transport in surface water (Ashton et al., 2004; Glassmeyer et 
al., 2005; Batt et al., 2006 and Gros et al., 2006), groundwater (Drewes et al., 2003; 
Kreuzinger et al., 2004; Heberer et al., 2004; Masters et al., 2004; Asano et al., 2004; 
Cordy et al., 2004; Zuehlke et al., 2004; Snyder et al., 2004 and Matamoros et al., 2005) 
and soils amended with reclaimed water (Kinney et al., 2006 and Pedersen et al., 2005) 
or biosolids (Buyuksonmez et al., 2005, Overcash et al., 2005 and Xia et al., 2005).  
Studies on source elucidation of PPCPs in wastewater treatment plant (WWTP) 
effluents (Gross et al., 2004; Glassmeyer et al., 2005; Zuccato et al., 2005; Lindqvist et 
al., 2005; Gros et al., 2006; Verenitch et al., 2006 and Brun et al., 2006), confined 
animal feeding operations (CAFOs) (Batt et al., 2006 and Brown et al., 2006) and 
aquaculture (Dietze et al., 2005 and Cabello et al., 2006), their removal during 
wastewater (Gros et al., 2006, Lee et al., 2005, Quintana et al., 2004 and 2005, Clara et 
al., 2005; Bendz et al., 2005; Santos et al., 2005; Miao et al., 2005 and Roberts et al., 
2006) and drinking-water (Bruchet et al., 2005; Stackelberg et al., 2004; Westerhoff et 
al., 2005; Jones et al., 2005; Snyder et al., 2003; Hernando et al., 2006; Rule et al., 
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2005; Dodd et al., 2004 and Seitz et al., 2006) treatment and their effects on aquatic 
ecosystems (Cunningham et al., 2006; Sanderson et al., 2004;  Fent et al., 2006;  
Richards et al., 2004 and Mimeault et al., 2005), terrestrial ecosystems (Swan et al., 
2006 and Meteyer et al., 2005) and human health (Pomati et al., 2006 and Jones et al., 
2004) have also been conducted. Studies have shown toxicological effects of diclofenac 
in kidney, intestine, liver and gills of rainbow trout (Oncorhynchus mykiss) as the 
lowest observed effect concentration (LOEC) was 1µg/L for cytological alterations 
(Triebskorn et al., 2004). Similarly surface waters showed around 500ng/L of Atenolol 
as the initial predicted environmental concentration (PEC) which exceeded the 10ng/L 
of action limit in Phase I of risk assessment as per European guidelines. Thus, further 
risk assessment of Phase II was conducted to show acceptable risks for aquatic 
microorganisms, ground water and surface water. Atenolol showed low lipophilicity 
and low affinity for sorption to sediment (Anette Kuster et al., 2009).  Clofibric acid has 
been detected in Berlin tap water samples between 10 and 165 ng/L as well as 0.5 to 7.8 
ng/L concentration in North sea due to its large consumption in thousands of tons 
annually as it is used to treat high blood pressure, cardiac function failure, coronary 
heart disease, arrhythmia etc. Several literature studies have shown limited 
biodegradation of clofibric acid in wastewater treatment plant (Wenzhen Li et al., 
2011).  
PPCPs are bioactive chemicals of growing concern throughout the world due to high 
usage of drugs, their partial metabolism after ingestion and improper disposal in the 
aquatic environment. These issues raise concerns for immediate action to be taken to 
further understand the factors that contribute to the combined load of these chemicals in 
the environment. Most drug manufacturing industries dispose waste (by-products, 
solvents, catalysts, intermediates and salts) per unit of actual product that is produced 
from the pharmaceutical industry. These compounds show low concentrations in water 
from a few parts per billion to few parts per trillion. Every day the United States and 
Canada discharge 4.8 billion gallons of treated effluent from 1400 wastewater treatment 
plants into the Great Lakes which can pose a great threat to humans and aquatic 
organisms as some of these compounds are persistent in the environment and 
breakdown into intermediate products or form cocktail (mixture of different 
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compounds) that are more toxic than the parent compound. Sewage treatment plants are 
not able to remove these compounds as concentrations of 1-2µg/L of diclofenac for 
example are found in streams connected to these plants (Heberer et al., 1998; Ternes, 
1998; Lehmann 2000; Ternes, 2001). Currently there are no federal regulations on 
pharmaceuticals in drinking water or waste water. Unwanted side effects of diclofenac 
have been reported to occur in the kidneys, livers and intestines of humans and other 
mammals (Bhogaraju et al., 1999; Revai and Harmos, 1999; Ramesh et al., 2002). It has 
been observed that the exposure of zebrafish embryos to diclofenac at concentrations 
over 10.13µM were lethal to all the embryos while it was teratogenic at 3.78µm. 
Various abnormalities were reported for the embryos such as smaller eye, body edema 
and pericardial, shorter body length, abnormal pigmentation, muscle degeneration, lack 
of circulation, intestine and liver and even altered genes expression to a certain extent 
(Bin et al., 2014). In the present study, atenolol, clofibric acid and diclofenac are the 
selected PPCPs, as they are consumed widely around the world and often end up at 
wastewater treatment plants.  
Biochar has a high organic C content and a long-term stability (mean residence time of 
C varies 90 to 1600 years based on intermediate and labile stable C components (Singh 
et al., 2012) that improve the biological and physicochemical properties of soil and 
serves as soil conditioner and increases the water retention capacity as organic carbon 
increases. The biochar is produced by thermochemical process when biomass (such as 
manure, leaves or wood) rich in carbon is heated in a closed container in the absence of 
oxygen (Lehmann and Joseph, 2009). The produced porous biochar has 
physicochemical properties that are suitable for safe and long-term storage of carbon in 
the environment (Shackley et al., 2012). In general, pyrolysis and gasification or dry 
carbonization produces biochar, whereas hydrothermal carbonization of biomass 
produced under pressure as a slurry in water is termed hydrochar. The hydrochar and 
biochar differ in physical and chemical properties widely (Bargmann et al., 2013). 
Waste management, energy production, climate change mitigation and soil 
improvement are the four major areas in environmental management where biochar is 
being used (Lehmann and Joseph, 2009).  
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Figure 5.1 shows the reaction that takes place in the carbonization of wood that leads to 
the formation of biocarbon, water, carbon dioxide, carbon monoxide and pyrolysis tars 
(http://www.alternabiocarbon.com/carbonization/carbonization-of-wood). 
 
Figure 5.1. Carbonization of Wood 
 
Most biochars have neutral to alkaline pH while acidic biochars have also been reported 
(Chen et al., 2007) and the pH mostly depends on the feedstock type and the 
thermochemical process of production. Biochar produced from waste biomass includes 
waste from forestry, food processing, municipal and paper mill, crop residues, sewage 
sludge and animal manure (Brick, 2010; Chen et al., 2011; Cantrell et al., 2012; Enders 
et al., 2012). Biochar provides five valuable benefits such as soil fertilization (increases 
nutrient retention, crop yields, mineral nutrition and mycorrhizal fungal activity), 
carbon sequestration, energy production, waste reduction and pollution prevention 
(reduces greenhouse gas emissions such as CH4 and N2O) apart from adsorption of 
ammonium and phosphates chemical fertilizers, reducing irrigation requirement and 
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acidity and protection of water quality by preventing leaching and runoff of nutrients 
from the soil.  
Application of biochar in environmental remediation has been studied recently and 
provides information on the effect of feedstock types, pyrolysis conditions, including 
temperature, residence time and heat transfer rate with water and soil contaminants. 
Biochar also known as black carbon or ‘supersorbent’ (Lohmann 2003; Koelmans et al., 
2006; Bornemann et al., 2007) acts as a universal sorbent because of its ability to 
adsorb organic contaminants in soils and finds several applications in the remediation 
of inorganic and organic contaminants in water and soil (Saeed et al., 2005; Salih et al., 
2011; Yang et al., 2011; Ahmad et al., 2012c) and improves microbial population which 
accelerates decomposition of soil native C (Kuzyakov et al., 2013). It was also observed 
that pesticides such as atrazine and simazine adsorption capacities are 1~2 orders of 
magnitude higher on biochar compared to compost or agricultural soils. 
 
 
Figure 5.2. Probable mechanisms of the interactions of organic contaminants with 
biochar (Ahmad, M. et al., 2013) 
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Several mechanisms such as adsorption or electrostatic attraction/repulsion or 
partitioning between organic contaminants and biochar interactions had been 
summarized in Figure 5.2 and studies have been focused on herbicides, dyes, polycyclic 
aromatic hydrocarbons, antibiotics and pesticides (Qiu et al., 2009; Beesley et al., 2010; 
Zheng et al., 2010; Teixido et al., 2011; Xu et al., 2012). In Figure 5.2, partition or 
adsorption is shown in circles on biochar particle where I indicate the electrostatic 
interaction between organic contaminant and biochar, II shows interaction between 
polar organic contaminant and biochar due to electrostatic attraction, and III shows 
interactions between non-polar contaminants and biochar due to electrostatic 
attractions.   Biochar produced at > 400
o
C has high microporosity, surface area and 
aromaticity but low surface polarity and is mostly negatively charged.  
In the present study biochar (BC) was synthesized at 700
o
C by a slow pyrolysis process 
and adsorption experiments were conducted to investigate the removal of selected 
PPCPs namely atenolol (ATN), clofibric acid (CFA) and diclofenac (DCF) from 
municipal wastewater secondary effluent. 
Zeolites have Aluminum (Al) and Silica (Si) covalent oxides that form interconnected 
cages or channels due to their porous structure. Due to the difference in oxidation states 
of Si (IV) and Al (III), the negative charge on zeolite framework is balanced by 
exchangeable cations. The general chemical formula of zeolite is Mk+x/k[AlxSiyO2(x+y)] 
ZH2O (where M
+ is the exchangeable cation) and these zeolites show vast structural 
diversity with different pore opening, topologies and pore sizes. So for the present study 
Chabazite (Chb) was considered as one of the natural zeolites as it is porous and has 
crystalline aluminosilicates framework of 8-ring class with cation exchangeable sites as 
shown in Figure 5.3 (Barrer 1949, Barrer and Brook 1953). Chb is also selective as it 
occludes and based on their size separates the molecules. It was seen in previous studies 
that zeolites alone cannot remove PPCPs from water due to its selectivity. Hence the 
current purpose of choosing chabazite was to form a framework along with biochar 
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which will enhance the exchange capacity and adsorption of micropollutants based on 
their molecular size, porosity and surface area.  
 
Figure 5.3.  Representation of the Chabazite structure with O atoms represented by red 
lines and Si (or Al) bonds to O represented by yellow lines. 
 
Activated Carbon (AC) is a black solid carbonaceous material with high porosity, 
surface area and adsorbing capacity produced by pyrolysis where a carbonaceous 
source material such as wood, coconut shell, lignite, coal, coir pith, paddy husk, etc is 
heated in the absence of air followed by decomposition and conversion to carbonized 
material (Yusof and Ismail, 2012). The obtained AC finds wide applications in the 
removal of metals and other organic contaminants from air, water and gases (Ding et 
al., 2014). Both physical and chemical oxidation methods are used to impregnate the 
surface oxygen functional groups into the carbon. The adsorption capacity is mainly 
attributed to pores ranging from micropores (r < 1nm) and macropores (r > 25nm) to its 
internal pore volume that are distributed throughout the solid as mesospheres (1 < r < 
25nm) shown in Figure 5.4 (Begg Cousland Envirotech Limited., 2015). The 
micropores are the main areas responsible for adsorption, the mesopores aid in 
194 
 
transportation while macropore acts as an entrance to the activated carbon. Adsorption 
process will be enhanced when the pore sizes of pollutants are of the same size as that 
of AC (Huang et al., 2014). Powdered Activated Carbon (PAC), Granular Activated 
Carbon (GAC) and Fiber Activated Carbon (FAC) are some of the commercially 
available ACs. 
 
 
Figure 5.4. Distribution sizes of various pores and its adsorption phenomena in 
activated carbon.  
 
ACs exhibits high surface areas ranging from 500 to 2000 m
2
/g, with their pore sizes in 
the range of 0.5 to 2.5m
2
/g (Marsh, 2001). AC finds several applications in metal 
extraction, gold purification, medicine, water purification, sewage treatment, gas 
purification, solvent recovery and other vapours, filters in compressed air and gas 
masks and respirators.   
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5.2 Experimental Methods 
 
5.2.1  Materials and Reagents  
Atenolol, Clofibric Acid, Diclofenac Sodium, activated carbon, potassium hydroxide 
(KOH), sodium chloride (NaCl), hydrochloric acid (HCl), sodium hydroxide (NaOH) 
and nitrocellulose membrane filters (pore size 0.22µm and diameter 47mm) were 
purchased from Sigma Aldrich. Natural zeolite as Chabazite (Chb), was obtained from 
AECL, Canada, and deciduous wood material (charcoal) from Ghana, West Africa.   
Exactly 10,000mg/L of individual stock solutions of ATN and CFA and 1,000mg/L of 
DCF were prepared in Milli-Q water by weighing on the Mettler balance to 0.0001g 
and made up to the desired volume and stored at -20
0
C for further analysis. Several 
intermediate and mixed standard solutions of 10, 20 and 30ppm were prepared by 
taking a known aliquot from the stock standard solution.  All aqueous solutions were 
prepared with high purity water produced with a Thermo Barnstead Nanopure System 
(Thermo Fischer Scientific, Whaltman, MA, USA).  
 
5.2.2  Synthesis of biochar  
A thermochemical decomposition of biomass at 700
o
C by a slow pyrolysis results in the 
production of biochar as shown in Figure 5.5. A waste biomass such as charcoal wood 
was taken in the present study and temperature of the muffle furnace was raised at a 
rate of 7
o
C/min to reach the desired temperature of 700
o
C in the absence of oxygen. 
The sample was kept at the set temperature for 1 hr and allowed to cool to room 
temperature. Immediately, the sample was transferred into an air tight sealed container 
as shown in Figure 5.6. 
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Figure 5.5.  Production of biochar, biooil and syngas from thermochemical 
decomposition of waste biomass by a process of pyrolysis. 
 
Hemicellulose, cellulose and lignin are the three main components produced at different 
pyrolysis temperatures (Yang et al., 2007). Hemicellulose decomposes between 220 and 
315
o
C and the reaction is exothermic, while cellulose decomposes between 315 and 
400
o
C in an endothermic reaction and lignin decomposes between 160 and 900
o
C and is 
exothermic. Various saccharides such as glucose, mannose, galactose and xylose are 
present in hemicellulose. A very high yield of CO2 was generated for hemicellulose 
while higher CO yield was observed for cellulose, whereas lignin generated higher 
amounts of CH4 and H2.  
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Figure 5.6.  Biochar obtained after slow pyrolysis at 700
o
C with a ramp temperature of 
7
o
C/min for 1h. 
 
5.2.3 Characterization  
Field Emission Scanning Electron Microscope (FE-SEM) using Hitachi S-4500 was 
used for the physical characterization of biochar such as surface structure, size and 
shape while Energy-dispersive X-ray spectroscopy (EDX) was used for elemental 
composition with a Quartz PCI XOne SSD X-ray Analyzer.   
Quantitative structural analyses of the biochars were obtained by solid-state 
13
C nuclear 
magnetic resonance (NMR) spectra using a 4-mm MAS probe on a Varian Inova 500 
spectrometer (Palo Alto, CA, USA). NMR was employed to understand the interaction 
of biochar with solute and elucidate the carbonaceous structure of the adsorbent. 
Fourier Transform Infra-Red (FTIR) spectroscopy was used to identify the functional 
groups present in the biochar by Bruker Tensor II system with Hyperion 2000 
microscope whereas carbon, hydrogen, nitrogen and sulfur were analyzed by Thermo 
Scientific FlashEA 1112 series CHNS analyzer. The surface area was analyzed by 
Brunauer–Emmett–Teller (BET), whereas Agilent 1290 (HPLC), 6460 Liquid 
Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS) was used for the 
determination of the selected PPCPs.  
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Table 5.1. Physico-chemical properties of the selected PPCPs 
Compound Atenolol Clofibric  
Acid 
Diclofenac 
Sodium 
Molecular polarizability,
a 
C·m
2
/V 29.09 20.80 29.03 
Molecular refractivity, m
3
/mol 73.505 52.618 75.461 
pi energy
a
 25.78 23.11 33.22 
logP 0.43 2.90 4.26 
Polar surface area, A
2
 84.58 46.53 49.33 
Dreiding energy, kcal/mol  38.10 28.6 44.86 
Volume
a
, Å
3 
 261.34 184.05 236.81 
Molecular Weight, g/mol 266.16 214.6 318.13 
pH Basic Acidic Acidic 
pKa
a
 9.6 3.2 4.15 
log Kow 0.16 2.57 4.51 
log D (pH 6)
b
 -1.84 0.56 1.77 (pH 7) 
Stokes Diameter (Å)
b
 4.9 4.1 Not Available 
Molecular Dimension, (Å* Å* Å)
b
  3.8 * 6.7 * 14.4 3.8 * 5.7 * 9.8 4.8 * 7.2 * 10.1 
a 
Chemicalize.org by ChemAxon (http://www.chemicalize.org) 
b
Ridder et al., 2012 
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(a) Structure of Atenolol 
 
(b) Structure of Clofibric acid 
 
 (c) Structure of Diclofenac Sodium 
Figure 5.7.  Chemical structures of targeted PPCPs compounds 
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Table 5.1 represents the physico-chemical properties of the selected PPCP compounds 
where two acidic drugs and one basic drug were chosen. Molecular polarizability, Polar 
surface area (PSA), Volume and pKa values of ATN are higher compared to CFA and 
DCF.  Whereas Molecular refractivity, log Kow, log P, Volume, Dreiding energy, Pi 
energy, and molecular weight of DCF are considered to be higher compared to CFA. 
Molecular polarizability provides information on the interactions between electric 
dipole moment induced by ions or polar molecules by an external electric field with that 
of nonpolar atoms and molecules. ATN has slightly higher molecular polarizability than 
DCF. ATN has high water solubility of 26.5 mg/mL at 37
o
C and a log octanol-water 
partition coefficient of 0.16 as it is relatively a polar hydrophilic compound. The total 
hydrogen bonding capacity is measured by a simple tool known as PSA. The PSA of a 
molecule is the van der Waals surface area of all the nitrogen and oxygen atoms 
attached to hydrogen atoms in them and shows higher values for ATN compared to 
CFA and DCF. Passage across human intestinal absorption (Palm et al. 1998 and Clark, 
D.E., 1999) blood-brain barrier (Kelder et al. 1999 and Clark, D.E., 1999) and flux 
across a Caco-2 monolayer (Camenisch et al., 1997) can be predicted by using PSA. 
Some of the physico-chemical properties are explained in more detail in Chapter 2 and 
Table 2.5 of this thesis (V.R. Kandlakuti). Molecular refractivity is dependent on 
refractive index, pressure and temperature and is a measure of total polarizability of a 
mole of a substance. The stability of the input molecule is determined by Drieding 
energy for the actual 3-D structure. In conjugated hydrocarbon systems, the values of Pi 
energy is determined by Pi electron energies of molecular orbitals and shows DCF 
having higher Molecular refractivity, Drieding energy and Pi energy compared to ATN 
and CFA.  
Figure 5.7 represents the chemical structure of Atenolol, Clofibric Acid and Diclofenac. 
Figure 5.7c represents diclofenac structure as a hybrid between a class derivative of an 
acetic acid and fenamic acid. For a diclofenac molecule, between the two aromatic 
rings, a bridging is formed by a secondary amino group (N-H) and represents 
intramolecular H-bonds towards a carboxylic group of one and the chlorine atom of the 
other aromatic ring.  Between the two different diclofenac molecules, there exist H-
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bonds between the carboxylic groups which involve the hydrophilic groups as inter- 
and intra-molecularly facing together in a dimer (Fini et al., 2010).     
Some of the physical properties of chabazite for the present study are represented in 
Table 5.2 with a BET surface area of 495.2m
2
/g and a mean particle size diameter of 
930 µm.  
 
Table 5.2. Physical properties of the tested Natural Zeolites (Gallant et al., 2009) 
 
Type 
 
Mean 
Particle 
Diameter 
(µm) 
Skeletal 
Density 
(kg/m
3
) 
Particle 
Density 
(kg/m
3
) 
BET Pore 
Volume 
(mL/g) 
BET  
Surface 
Area 
(m
2
/g) 
Static 
Bed 
Voidage 
 
Chabazite 930 2106 1630 0.359 495.2 0.35 
 
* Company no longer exists, further information can be obtained from L.E.W. Hogg of 
Arenito Minerals and Chemicals Corporation, Peachland, B.C.  
  
5.2.4  Wastewater collection  
A grab method was used to collect 20L of secondary effluent from Adelaide Pollution 
Control Plant, London, ON, Canada. The sample was filtered through 0.22µm filter 
paper and stored in 1 L amber colored bottle with approx. 5 drops of 25% (w/v) sodium 
thiosulphate added as a preservative to each bottle, shaken well and stored at 4
o
C for 
further analysis. All the experiments with secondary effluent free from selected PPCPs 
were performed by adjusting pH to 9.0 and the temperature was maintained at 23 ±1
o
C.  
In another set of experiments, the effect of pH at 3, 5 and 7 were also measured by 
adjusting the pH with 1N HCl or 1N NaOH. 
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5.2.5  Sorption studies on biochar  
Batch experiments were conducted for adsorption of atenolol, clofibric acid and 
diclofenac in 125ml amber glass containers with different concentrations of PPCPs 
compounds at varying conditions such as effect of pH, change in concentration of 
PPCPs.  The batch experiments were conducted for biochar by weighing exactly 0.1g, 
0.2g, 0.5g, 1.0g and 2.0g each separately and adding 100mL of secondary effluent 
spiked with known concentration of intermediate standard solution. A blank experiment 
was also performed similar to the conditions as performed for samples by weighing the 
same amounts of biochar and mixing with 100mL high purity water and subjected to 
the same conditions as for the samples. By using a Max-Q 4000 orbital shaker, the 
bottles were shaken at 180rpm for 1hr at 25 ± 1◦C without any pH adjustment. After 
1hr, initial sample pH was recorded at room temperature after calibration of the pH 
meter with 4.00, 7.00 and 10.00 pH buffers. The samples were again equilibrated for 
another 47hrs by keeping in the shaker and adjusted the pH to desired levels 
periodically. The final pH was measured after 48hrs duration. Another set of adsorption 
studies were conducted by taking 1:1 ratio of biochar : chabazite and followed the same 
steps as above. The samples were centrifuged and the supernatant filtered into the glass 
vials and stored further for LC-MS/MS analysis.  
As per previous literature studies conducted on activated carbon and biochar using 
other organic compounds, the adsorption equilibrium for the present studies were 
conducted over 24, 48 and 72hr duration. Preliminary studies showed that adsorption 
equilibrium could be achieved within 48hr and so this period was selected for all the 
adsorption studies. After the initial batch adsorption experiments, batch desorption 
studies were conducted by decanting the supernant and replacing it with high purity 
water and shaking it at 180rpm for 48hrs. The samples were filtered through 0.22µm 
filter and analyzed by LC-MS/MS.  
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5.2.6    Use of Natural Zeolite for adsorption studies 
Another set of adsorption studies were conducted by using 1:1 ratio of biochar with 
zeolite and activated carbon with zeolite. The samples were prepared exactly in similar 
manner as described in section 5.2.5. After 48hrs, the samples were filtered and 
analyzed by LC-MS/MS. 
 
5.2.7 Use of Activated Carbon for comparison studies 
Similarly for every batch of adsorption studies, activated carbon was used as reference 
at 1.0g of AC / 100ml of SE to study and compare the removal efficiency and the 
adsorption capacity of the target PPCP compounds.   
 
5.2.8 Pre-conditioning of Biochar with 0.1N NaCl 
Biochar surface was conditioned by the addition of 0.1N NaCl as electrolyte solution to 
adsorbent dosages to provide a particular ionic strength. Initially 10g biochar was 
washed for five times with 100mL of high purity water each time to remove any 
impurities and then conditioned by the addition of 0.1N NaCl to enrich biochar with 
sodium ions. As per 5.2.5, adsorption studies were conducted further to the obtained 
pre-conditioned biochar.  
 
5.2.9  Chemical Activation of Biochar using KOH 
Various chemical activating agents such as zinc chloride, potassium hydroxide and 
phosphoric acid have been used in previous studies by few to impregnate these 
chemicals into highly porous activated biochar. During activation at higher temperature, 
due to their dehydrating properties these impregnated chemical agents influence 
pyrolytic decomposition by preventing the formation of volatile organic compounds 
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and tars thus leading to highly porous activated biochar. For the present study, KOH : 
BC ratios of 0.25, 0.94, 1.63, 2.31 and 3.0 were each mixed with 100ml of DI water and 
refluxed at 50
o
C for 2hrs to ensure access of KOH into the interior of BC. The solids 
were then dried at 120
o
C overnight. These dried samples were subjected to activation at 
700
o
C at 3
o
C/min for 2hrs and then cooled down. Adsorption studies were conducted 
further to the obtained activated biochar as per 5.2.5.  
 
5.2.10 Quantification of PPCPs by LC-MS/MS 
The concentrations of various PPCP’s in secondary effluent were determined by 
Agilent 1290 (HPLC), 6460 LC-MS/MS. An auto sampler injector with an injection 
volume of 5 µL was passed through a Poroshell 120 EC- C18 2.7µm (3.0 x 150mm) 
column for separation of various analytes. Mobile phase A (10mM ammonium formate 
and 0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile) 
were used for the analysis with a flow rate of 0.35mL/min. A positive and negative ion 
electrospray interface (ESI) mode with Agilent 6460 LC-MS/MS was used in the PPCP 
analysis. A computer based software Mass Hunter, version B.05.01 was used to process 
the data by the peak area method for the acquired chromatograms.  
By using linear regression, a six-point calibration curve was developed for each 
compound ranging from 0 to 200ng/mL.  R
2
 values were 0.99 – 0.999 for all the 
compounds with RSD values lower than 10%.  Percent recoveries ranged from 90 to 
100% for the secondary effluent matrix.  The concentration of the unknown is 
calculated by using regression analysis of calibration standard.  
 
5.2.11 Adsorption models  
Adsorption studies were conducted on BC using target PPCPs concentration which 
were calculated as a function of PPCP concentration that were left in solution at 
equilibrium by using equation (5.1) (Ok et al., 2007; Wei and Seo, 2010). 
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Qe = (Co – Ce) x V/M              Eq. (5.1) 
where Qe is the equilibrium PPCP concentration in mg/g;  Co is the initial PPCP 
concentration in mg/L and Ce is the PPCP concentration in aqueous at equilibrium in 
mg/L; V is the volume of PPCP aqueous solution in L and M is the adsorbent mass in g. 
The percent removal of PPCPs by BC from aqueous solutions was calculated using 
equation (5.2) (Ahmad et al., 2012b). 
 
 % Removal = (Co – Ce) x 100      Eq. (5.2) 
         Co 
 
Isotherms such as Langmuir and Freundlich were fitted to study the adsorption capacity 
of BC (Jung et al., 2011). The Langmuir adsorption model is used to quantify the 
adsorption capacity as given by equation (5.3). 
 
 Ce   =   Ce      +         1__          Eq. (5.3) 
                                  qe        qmax           KL qmax 
 
where Ce is the solute equilibrium concentration (mg/L) in the aqueous phase; q is the 
mass of adsorbed solute on a unit mass of adsorbent (mg/g); qmax is the maximum 
mass adsorbed corresponding to complete surface coverage (mg/g) (Wei and Seo, 
2010); and KL is the empirical Langmuir constant indicating binding energy (L/mg). 
Similarly the Freundlich isotherm is given by equation (5.4). 
qe   =   Kf . C
1/n                 
Eq. (5.4) 
where KF ((mg/g) (L/mg)1/n) is Freundlich constant roughly an indicator of the 
adsorption capacity and (1/n) a constant of the adsorption intensity. Value of n > 1 
represents a favorable adsorption condition. The linear form of Eq. (5.5) is  
ln qe   =   ln Kf +  1    ln Ce         Eq. (5.5) 
                                                                  n 
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5.3 Results and Discussion 
 
5.3.1   Morphology and structure of BC samples by FE-SEM 
A small portion of the BC sample was placed on a carbon adhesive disk, gold coated to 
alleviate any charging during the analysis, and analyzed by scanning electron 
microscopy coupled with energy dispersive X-ray (SEM/EDX) spectroscopy using the 
Hitachi S-4500 Field Emission SEM quipped with a Quartz PCI XOne SSD X-ray 
Analyzer at an accelerating voltage of 10kV as shown in Figures 5.8 and 5.9. The EDX 
analysis of the BC samples, were analyzed similarly as shown in Figures 5.10 and 5.11. 
 
Figure 5.8. SEM images scanned at 200, 120, 60 and 37.5 µm of biochar at 10 kV  
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It can be seen that the scanned images of Figure 5.8 at 200, 120, 60 and 37.5µm and 
Figure 5.9  at 20 and 30µm revealed the images of biochar pyrolyzed at 700
o
C showing 
hollow pores with diameters in the range from <1 µm to 20-30µm. These particles 
appear to be more rugged and arranged randomly forming longitudinal hollow tubes 
with honeycomb like structures.  
 
Figure 5.9. SEM images scanned at 30 and 20µm of biochar at 10kV  
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Some polygonal shapes can also be observed due to the lignin particles of woody plants 
with several conchoidal fracture surfaces while some of the fibrous structures get 
destroyed as their internal texture become sparse (cross-section image) and surface 
texture becomes coarse at high temperatures of 700
 o
C. These porous structures of 
varying diameter will aid in adsorption by size exclusion and separation of high 
molecular weight PPCP compounds from low molecular weight compounds and other 
organic matter present in secondary effluent. 
 
5.3.2 Energy Dispersive X-ray (FE-SEM/EDX) Spectroscopy 
Similarly three spots scanned at 300 µm by FE-SEM were used to perform EDX 
analysis at 10kv as shown in Figure 5.10. The sample preparation was same as 
performed for SEM and the measurements for all the elements were normalized with 
three iterations each. 
 
Figure 5.10. SEM images of three spots scanned at 300µm of biochar at 10kV 
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Spot EDX images for three areas were obtained as shown in Figure 5.11 scanned at 
300µm of biochar at 10kv.  
 
Figure 5.11. EDX images scanned at 300µm of biochar at 10kV 
 
Table 5.3. EDX spectroscopy results of three spots scanned on the BC sample at 10kV 
Semi-quantitative EDX Results, in 
weight % C  O  Mg K  Ca 
BC, Area Scan 81.8 10.1 - 3.0 5.0 
BC, Spot 1 86.2 6.7 - 4.8 2.2 
BC, Spot 2 89.2 9.1 - 1.5 0.3 
BC, Spot 3 92.8 6.0 - 0.6 0.7 
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Table 5.3 shows the semi-quantitative results for the three spots on biochar where it 
reveals that element C is present in abundance which is directly proportional to the 
intensities as shown by spectral lines on EDX. These spectral lines also show the 
chemical homogeneity on the biochar samples.  
 
5.3.3 FTIR spectra of BC samples  
FTIR acts as a powerful tool in identifying and analyzing organic compounds due to 
change in shifts as a result of chemical composition in BC samples. Figure 5.12 shows 
the IR spectra of BC sample after pyrolysis at 700
o
C. The samples were analyzed 
directly by FTIR spectroscopy in the range from 500 – 4000 cm-1 using platinum-
attenuated total reflectance accessory equipped with a diamond crystal in the Bruker 
Tensor II main box. This experimental setup was used to analyze an area of 
approximately 2mm x 2mm to a depth of 0.6-5 microns.   
 
Figure 5.12. FTIR spectra of BC sample after pyrolysis at 700
o
C 
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  Table 5.4.  FTIR spectra of BC peaks with literature values (Tom Tague)   
Biochar 
Peak, cm
-1
 
Surface Group Peak 
Range, ± 
10 cm
-1
 
2916 CH2  (asymmetric stretch) 2926 
2849 CH2 (symmetric stretch) 2855 
1795 C=O (stronger asymmetric stretch) 1775-1800 
1574 aromatic and olefinic C=C vibrations, C=O in amide (I), 
ketone, and quinone groups; bend deformation of water 
1400-1620 
1580-1650 
1412 Benzene ring modes 
In-Plane OH bending broader than C-H bending (COOH 
(group) 
C-N stretching  
1400-1620 
1395-1440 
 
1390-1430 
873 C-O-C symmetric stretch and C-H stretch 800-900 
712 CH2 (rock bend), C-H (cis-alkenes, aromatic out-of-plane 
bend)  
NH2 out-of-plane bending 
720 
 
600-750 
 
An aliphatic C-H stretching was observed at 2916 cm
-1
 as seen in Figure 5.12 and Table 
5.4 which is due to increase in temperature to 700
o
C and aliphatic loss process. 
Simultaneously C-H and C-O-C stretching was observed at 873 cm
-1
, while 1574 cm
-1 
and 1795 cm
-1
 were attributed to C=C vibrations and C=O asymmetric stretch whereas 
C-N stretching or in-plane OH bending was observed at 1412 cm
-1 
due to aromatic 
carbon. The structure of straight chain alkanes with methylene group shows asymmetric 
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and symmetric stretch observed at 2916 cm
-1 
and 2849 cm
-1 
while out-of-plane bending 
can be observed at 712 cm
-1
 as shown in Figure 5.13. C-O-C symmetric stretch was 
observed at 873 cm
-1 
as shown in Figure 5.14 for some of the stretching and bending 
that occurs at various peaks. Further it may also be seen that silicon components in 
biochar subjected to 700
o
C got distanced physically from the carbon structure as 
confirmed by FTIR spectra (Figure 5.12). It was observed that during the charring 
process as the temperature increases, it modifies the functional groups thus increasing 
the aromatic carbon while decreasing the aliphatic carbon groups (Lee et al., 2010). The 
FTIR spectra show the presence of oxygen groups and absence of sulfur groups.   
 
  
Figure 5.13. Structure of straight chain Alkanes with Methylene group (CH2) (Tom 
Tague)   
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Figure 5.14. Structure of C-O-C symmetric stretch (Tom Tague)   
 
5.3.4 13C NMR spectra of BC samples  
 
Figure 5.15. Comparison of various spectra using 13C NMR 
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A quantitative spectral analysis for biochar samples subjected to various treatments was 
conducted with 
13
C NMR as shown in Figure 5.15. The spectra shows a shift in the 
peak for biochar activated with KOH with maximum peak values at 122 and 110ppm 
which is composed of both aromatic and aryl carbon, while PPCPs adsorbed onto 
biochar showed peak shifts at 119, 111, and 106ppm whereas BC:chabazite showed 
maximum peak shift at 111ppm. All these revealed that the original biochar which 
showed a maximum peak shift at ~105ppm underwent some sort of changes due to its 
interaction with other adsorption/treatment processes. It showed that biochar activated 
with KOH showed more aromatic carbon with higher surface polarity and higher 
surface area. 
 
5.3.5 CHNS analysis of BC samples  
Carbon, hydrogen, nitrogen and sulfur elemental analysis was performed by using 
Thermo Scientific Flash EA 1112 series CHNS analyzer and the values are shown in 
Table 5.5.  
Table 5.5. CHNS results of biochar analyzed by CHNS analyzer 
Parameter Percentage 
Carbon 71.8 
Hydrogen 1.07 
Nitrogen 0.43 
Oxygen 22.4 
Sulfur <0.1 
Ash 4.3 
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The ash content was calculated after a known weight of the sample was heated in the 
muffle furnace at 700
o
C. From the values of carbon, hydrogen and nitrogen, the values 
of ash content is subtracted and the difference obtained was used to calculate the 
oxygen values. The character of biochar is represented by the hydrogen to carbon (H/C) 
ratio and oxygen to carbon (O/C) ratio which acts as useful indicator (Nguyen and 
Lehmann, 2009). The hydrogen to carbon (H/C) ratio was found to be 0.179 and 
oxygen to carbon (O/C) ratio was 0.23. The reduction in these ratios is due to 
decarboxylation and dehydration reactions taking place at higher temperature because 
of charring process. Change in recalcitrance of biochar is due to thermal induction 
leading to dehydrogenation of CH3 group (Harvey et al., 2012). 
 
5.3.6  BET analysis of BC samples  
The wood material from Ghana, West Africa was used as the raw material to produce 
biochar after carbonization at 700
o
C. The adsorption capacity depends on the surface 
area of an adsorbent and greater the surface area greater will be the availability of sites 
to bind to the adsorbate (Magnan, J.-P., and Ghassem, Y., 1989). The BC sample 
obtained showed a surface area of  301 ± 7m
2
/g determined by using Brunaer–Emmett–
Teller (BET) Gemini 2360 V5.01 and StarDriver V2.03 at 760 mm Hg as shown in 
Appendix 11.   The surface area expanded as the temperature was increased to 700
o
C 
for these types of wood material unlike other biomass sources such as rice residues 
where its surface area diminishes at higher temperature due to blockage of micropores 
by the ash content (Mackay and Roberts, 1982; Song and Guo, 2011). 
 
5.3.7  Adsorption of target PPCPs compounds  
Biochar weights and the volume of standards spiked for each batch experiments were 
kept constant whereas pH and spiked solution concentrations were altered.  Effect of 
pH, effect of adsorbent dosage, effect of PPCP concentration, effect of biochar : zeolite, 
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effect of pre-conditioning, effect of chemical activation of BC by KOH and isotherms 
were studied in detailed for atenolol, clofibric acid and diclofenac. With each batch of 
experiments, 1g/100ml of activated carbon was run (data not provided in this study). 
 
5.3.7.1 Effect of pH on biochar  
5.3.7.1.1 Effect of pH at constant PPCP concentration of 10ppm 
Four different batch experiments were conducted using 1N HCl or 1N NaOH to adjust 
the pH in the range 3 to 9 and were controlled to investigate the variation in adsorption 
of BC. A 0.1g, 0.2g, 0.5g, 1.0g and 2.0g of biochar were equilibrated for 48hrs at room 
temperature after spiking with an initial concentration (Co) of 10mg/L each of targeted 
PPCP compounds and the effect of pH was determined on the removal of ATN, CFA 
and DCF.  
The adsorption capacity is greatly influenced by pH as it affects the solute solubility 
and the ionization degree (Noh and Schwarz 1989; Nandi et al., 2009).    
 
Figure 5.16a showed that at pH 3, the percent removal efficiency was the lowest for 
ATN at 44.1% and increased to 82.3% at pH 9 for the adsorbent dosage of 1 g/L. The 
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removal efficiency followed the order of pH 9 > 7 > 5 > 3. 100% removal was obtained 
at an adsorbent dosage of 10 g/L at pH 7 and 9.  
 
While a reverse trend was observed for CFA and DCF as shown in Figure 5.16b and c, 
where percent removal efficiency was observed to be 54.1% and 73.9% at pH 9 and 
increased to 88.2% and 99.2% at pH 3 for adsorbent dosage of 1 g/L. The maximum 
removal efficiency was observed for DCF followed by CFA (99.9% removal at 5 g/L 
adsorbent dosage) and followed the order of pH 3 > 5 > 7 > 9. At fixed concentrations 
of 10ppm of CFA, DCF and ATN, the adsorption increased as the adsorbent dosage 
was increased from 1g/L to 20g/L thus increasing the PPCP removal by providing more 
available adsorption sites. 
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Figure 5.16. Effect of pH in percent removal onto BC (a) ATN, (b) CFA and (c) DCF 
[Co = 10 mg/L, adsorbent dosage = 1, 2, 5, 10 and 20 g/L] 
 
Overall, the removal efficiency was higher for DCF followed by CFA and ATN and 
follows the order DCF > CFA > ATN.  Based on the results, it was observed that the 
optimum pH was 3 for the adsorption of DCF and CFA. The pKa values of DCF and 
CFA are 4.15 and 3.2 and are weak electrolytes and its ionization strongly depends on 
pH hence its solubility decreases in water as pH decreases. This results in increased 
Vander Waal interaction between adsorbent surface with DCF and CFA by a process of 
physical adsorption. Similarly the pKa value for ATN is 9.6 and the optimum pH was 
reached at 9 (Jodeh et al., 2015). This higher removal efficiency of DCF over other 
PPCP compounds may be based on an overall greater impact on adsorption capacity 
which may be due to its higher BET-N2 surface area that is mainly responsible for the 
higher interaction strength of PPCPs onto biochar rather than fractions of aromatic 
carbon in the functional groups. The overall binding energy of a single DCF is -21.8 
kcal/mol and its interaction strength decreases in the presence of other types and 
number of PPCP solutes competing on the available adsorption sites. The percentage of 
carbon in each functional group contributes a significant energy due to the presence of 
219 
 
carbohydrate and aryl functional groups, and its interaction energies in binding of BC 
onto PPCP compounds.  
 
5.3.7.1.2 Effect of pH at constant PPCP concentration of 20ppm  
To observe the effect of loading concentration on BC, the PPCP concentration was 
increased to 20ppm and its effect at pH 5 and 9 were studied.  Figure 5.17a showed that 
the percent removal efficiency was 75.6% at pH 9 and decreased to 45.7% when the pH 
was decreased to pH 5 for ATN at an adsorbent dosage of 1 g/L.  Almost 100% 
removal of ATN was observed at an adsorbent dosage of 10 g/L and 20g/L at pH 9 and 
5. 
 
When the concentration was increased to 20ppm, the adsorption phenomena decreased 
slightly than that of 10ppm which is due to slightly less available adsorption sites 
although complete removal was possible when the adsorbent dosage was increased 
from 1g/L to 20g/L.  
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Figure 5.17. Effect of pH in percent removal onto BC a) ATN, (b) CFA and (c) DCF 
[Co = 20mg/L, adsorbent dosage = 1, 2, 5, 10 and 20 g/L] 
 
Similarly, the percent removal was 45.4% and 65.7% for CFA and DCF at pH 9 and 
increased to 49.8% and 84.2% at pH 5 at an adsorbent dosage of 1 g/L as shown in 
Figure 5.17 b and c.  From the experimental data, it may be observed that CFA and 
DCF may behave as neutral molecules and interact with BC via non-electrostatic 
interactions because of its pKa values of 3.2 and 4.15 and thus maximum removal could 
221 
 
be noticed at pH 3 for both CFA and DCF.  Similarly when the pH was increased to 5, 7 
and 9 which is above the pKa values of the molecules there exist an electrostatic 
repulsion between BC and PPCPs as BC also gradually tends to become negatively 
charged and thus the percent removal decreases. It was also observed that ATN was 
removed completely at pH 9 as its pKa is 9.6 and therefore a non-electrostatic 
interaction exists between BC and ATN.  
 
5.3.7.1.3 Effect of pH at constant PPCP concentration of 30ppm  
Similar loadings were conducted by increasing the PPCP concentration on BC to 
30ppm and its effect at pH 7 and 9 were studied.  Figure 5.18a showed that the percent 
removal efficiency was 71.1% at pH 9 compared to 47.4% at pH 7 for ATN at an 
adsorbent dosage of 1 g/L.  Almost 100% removal of ATN was obtained at an 
adsorbent dosage of 20g/L for pH 9 and 7. 
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Figure 5.18. Effect of pH in percent removal onto BC (a) ATN, (b) CFA and (c) DCF 
[Co = 30mg/L, adsorbent dosage = 1, 2, 5, 10 and 20 g/L] 
 
The percent removal was 39.8% and 59.2% for CFA and DCF at pH 9 and increased to 
43.5% and 65.3% at pH 7 at an adsorbent dosage of 1 g/L as shown in Figure 5.18 b 
and c. It can be seen that from Figure 5.16, 5.17 and 5.18 that with increase in PPCPs 
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concentration from 10ppm to 30ppm, the removal efficiency slightly decreased. Based 
on the experimental data, the removal of selected PPCPs depends on the adsorption 
capacity of the adsorbent and its physico-chemical properties. There may be several 
mechanisms that can take place between BC and selected PPCPs. For example in a tri-
solute, the adsorption behaviors are complicated and difficult to predict as they are 
controlled by the interaction between pH-dependent speciation or the behavior of 
specific functional groups which vary based on compound to compound (Kibbey et al., 
2007). In addition, the acidic or basic drugs speciation in aqueous solutions is 
influenced by solution pH. It was observed that almost 100% ionization was possible 
when weak acids were more soluble in solution in the ionic form at pH at least two 
units above the pKa. But acidic drugs will form salts if the pH was very high and so the 
pH was maintained at a maximum of 9.    
Other factors such as hydrophobicity, hydrophilicity, molecular size and surface charge 
are the main important physico-chemical properties that depend on the adsorption of 
PPCPs onto BC (Yoon et al., 2003; Carballa et al., 2005). These properties of biochar 
used in various applications are further governed by original feedstock used and the 
temperature and duration of pyrolysis conditions (Enders et al., 2012). It may also be 
observed as per 
13
C NMR Figure 5.15 that pyrolysis at higher temperatures lead to 
aromatic carbon content and large surface area on the surface of biochars thus 
increasing the recalcitrant and adsorption capacity (Lehmann, 2007).  The water 
retention ability and adsorption capacity of PPCP properties may also be enhanced due 
to the physical properties of biochar such as surface area and porosity (Kalderis et al., 
2008).  
Studies conducted by Liu and Zhang, 2009; Spokas et al., 2010 and Joseph et al., 2013 
observed that lignin was the main component in recalcitrant carbons derived from 
woody feed stocks.   Higher saturated hydraulic conductivities may result when it was 
treated with woodchip biochar compared to manure-based (Lei and Zhang, 2013). The 
character of biochar depends on O=C and H=C ratios along with elements which acts as 
useful indicators (Nguyen and Lehmann, 2009) and these ratios gets reduced due to  
decarboxylation and dehydration reactions that takes place at charring process at higher 
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temperatures. As the temperature increases, the relative concentrations of non-
pyrolyzed inorganic elements are responsible for increase in pH and depended on the 
original feedstocks (Novak et al., 2009). 
The adsorption capacity may also be governed by log Kow (octanol-water partition 
coefficient) an important factor which also evaluates the sorption affinity on biochar.  
Generally a higher adsorption capacity will be observed for hydrophobic pollutants 
when log Kow is greater than 4.0 (Bertanza et al., 2009; Choi et al., 2005; Stackelberg 
et al., 2007) whereas if the compounds exhibited a log Kow between 2.5 and 4.0, then 
they are moderately removed by biochar. In the present study, the log Kow value for 
DCF is 4.51 and hence it shows higher adsorption capacity compared to other PPCP 
compounds. The log Kow values for CFA and ATN are 2.57 and 0.16 and so exhibit 
moderate sorption for CFA whereas very low sorption for ATN as its log Kow is less 
than 2.5. 
Hence we can conclude that ion exchange, complexation with functional groups, 
electrostatic interaction and chemical precipitation are some of the adsorption 
mechanisms that may take place on the surface of BC for complete removal of PPCP 
from secondary effluent.  
 
5.3.7.2 Effect of pH on biochar : Chb 
Similarly another batch of experiments were conducted with 1:1 ratio of biochar : 
chabazite at pH 3, 5, 7 and 9 at room temperature by adjusting the pH with 1N HCl or 
1N NaOH. The initial concentration was maintained at 10ppm each of ATN, CFA and 
DCF. The percent removal studies were conducted after 48 hr to attain equilibrium 
concentration.  
225 
 
.  
From Figure 5.19a, it may be concluded that the experimental data obtained shows 
remarkable effects in removal efficiency. Thus, the percent removal efficiency at pH 3 
was observed to be the lowest for ATN at 34.3% and increased to 42.2%, 47.9% and 
66.1% at pH 5, 7 and 9 for the dosage of 1 g/L. The removal efficiency followed the 
order of pH 9 > 7 > 5 > 3. 100% removal was obtained at a dosage of 10 g/L at pH 9. 
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Figure 5.19. Percent removal efficiency of PPCPs from a mixture of BC:Chb (a) ATN, 
(b) CFA and (c) DCF [Co = 10 mg/L, dosage = 1, 2, 5, 10 and 20 g/L] 
 
Although the removal efficiency trend was similar between biochar and biochar mixed 
with chabazite, but biochar showed 1.24 times greater removal rates compared to 
biochar mixed with chabazite for ATN. While a reverse trend was observed as shown in 
Figure 5.19b and c, for CFA and DCF, where percent removal efficiency was observed 
to be 50.9% and 72.4% at pH 9 and increased to 82.1% and 99.5% at pH 3. The 
removal efficiency followed the order of pH 3 > 5 > 7 > 9. 100% removal was obtained 
at a dosage of 10 g/L and 20 g/L at pH 3 and 5 for CFA whereas for DCF, 100% 
removal was obtained at adsorbent dosages of 2 and 5g/L at pH 3 and 5. When the pH 
was increased from acidic to basic conditions, a faster transport and sorption was 
observed for ATN in the beginning of adsorption which is due to its higher molecular 
polarizability, polar surface area and high water solubility compared to CFA and DCF 
while depending on the same sized pores there occurs, a competition between ATN, 
CFA and DCF molecules for the same adsorption sites (Matsui et al., 2002 and Jain and 
Snoeyink, 1973). A lower sorption was observed for DCF and CFA at basic pH 
conditions mainly attributing to the increase in hydroxyl ions that forms aqua-
complexes thereby retarding the sorption (Venkata et al., 2007a, 2007b). Similarly 
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when the pH was decreased, the molecular dimensions and volume of ATN is higher 
than DCF, so the adsorption rate decreases as DCF overtakes ATN due to its smaller 
volume and has higher molecular refractivity, drieding energy and pi energy compared 
to ATN and CFA.  It may also be observed that diclofenac-Na possess O-H and N-H 
groups in them that is mainly responsible for its rapid and high adsorption and therefore 
adsorption equilibrium for DCF could be reached very fast.  
 
5.3.7.3 Effect of PPCPs concentration at constant pH 9.0  
Effect of PPCPs concentration was evaluated on the adsorption studies by varying 
PPCP concentrations of 10ppm, 20ppm and 30ppm at adsorbent dosages of 1, 2, 5, 10 
and 20g/L for 48hrs.    
 
It can be seen from Figure 5.20, that as the concentration of ATN, CFA and DCF was 
increased from 10ppm to 30ppm at pH 9, the percent removal decreased by a factor of 
1.16, 1.36 and 1.25 times at a dosage of 1 g/L although complete removal could be 
achieved as the adsorbent dosage was increased from 1 g/L to 20g/L. It was observed 
that the highest decrease was observed for DCF followed by ATN and CFA this is 
because higher pH was unfavourable for DCF and CFA sorption onto BC.  
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Figure 5.20. Effect of concentration onto BC and its removal efficiency (a) ATN, (b) 
CFA and (c) DCF [pH = 9, adsorbent dosage = 1, 2, 5, 10 and 20 g/L] 
 
It was observed that at low concentration, higher sorption rates were achieved and when 
the concentration increased, the removal efficiency lowered which is due to 
electrostatic interactions between PPCPs and adsorbent surface and depended on the 
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pollutant surface concentration (Muller et al., 1985) as there may be an effect by natural 
organic matter in the secondary effluent that blocks the pores on the surface of BC. 
Thus it may be assumed that there exist two simultaneous and coexisting processes that 
take place by hydrophobic PPCP compound adsorption into BC and absorbing into 
natural organic matter.  
 
5.3.7.4 Effect of Pre-conditioning on Sorbent Performance 
Assuming sorption by anionic form, a cation bridge between negatively charged surface 
group (phenolate or carboxylate) and carboxylate group would enhance sorption. The 
anions may interact with metal either by solvent-separated ion pairing or by contact. An 
important mechanism that triggers in cation bridging is the aggregation of humic 
substances forming large natural organic matter in colloidal structures. As per Eq. 5.6, it 
can be seen that sorption of carboxylate group by biochar leads to release of hydroxide 
ion into solution causing progressive sorption suppression. 
RCO2
-
   +   BC    (RCO2
-
) 
...
 BC   +   OH
-               
Eq.
 
(5.6) 
 
The buffering capacity of biochar should be taken into account to determine the extent 
of hydroxide release as per Eq. 5.7.  
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OH
-  
 +   BC     BC
-
   +   H2O                              Eq. (5.7)      
It can be seen from Figure 5.21a that percent removal improved with preconditioning of 
biochar with 0.1N NaCl and shows 1.24 times increase for ATN compared to biochar 
results without preconditioning at pH 3. Similarly Figure 5.21b and c shows slight 
increase for CFA and DCF showing 1.07 and 1.03 times by preconditioning at pH 9 
compared to biochar.  
 
 
Figure 5.21. Effects of biochar pre-conditioning with 0.1N NaCl at pH 3, 6 and 9 (a) 
ATN (b) CFA and (c) DCF [Co = 10 mg/L] 
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5.3.7.5 Effect of Chemical conditioning  
 
Figure 5.22. Effects of chemical activation of BC in removal efficiency at varying 
concentration of KOH [Co = 10mg/L, pH = 9, adsorbent dosage = 1, 2, 5, 10, 20 g/L] 
 
The biochar samples were activated by chemical conditioning and the obtained 
activated biochar was spiked with a 10 mg/L of all the three compounds at pH 9 and 
equilibrated for 48hrs. From the experimental data as shown in Figure 5.22, it can be 
concluded that a remarkable removal efficiency was observed at 87.5% ATN, 64% 
CFA and 81.8% DCF at an adsorbent dosage of 1g/L. 100% removal was reached at 5 
g/L dosage for ATN compared to other PPCP compounds in solution. Depending on the 
same sized pores there occurs a competition between ATN, CFA and DCF molecules 
for the same adsorption sites (Matsui et al., 2002 and Jain and Snoeyink, 1973) and it 
was observed that ATN showed a faster transport at the beginning of adsorption studies 
due to its higher solubility in water and favourable pH conditions that sorbed ATN onto 
BC and may follow a process of pore-filling mechanism (Nguyen, et al., 2007) or ionic 
exchange interactions or complexation with functional groups on surface of BC. It can 
be seen that the sorption followed ATN > DCF > CFA and is in agreement with its pKa 
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values 9.6 > 4.15 > 3.2. For DCF and CFA, there exists hydrophobic interaction 
mechanism for effective removal of non-polar organic compounds by activated biochar 
as these PPCP compounds possess log Kow > 2.5. Compared to other studies, the 
maximum removal efficiency was observed to be chemical activation of BC by KOH 
which leaves more empty spaces or pores on the carbon surface during carbonization 
process by evaporation of KOH (Jodeh et al., 2015).  
 
5.3.8 Comparison of various adsorption methods with varying pH 
The sorption process is influenced by pH of the solution which plays a significant role 
in determining the surface characteristics of BC and also chemical and stability forms 
of PPCP compounds. 
From Figure 5.23 it can be concluded that biochar activated with KOH showed 
maximum percent removal followed by 0.1N NaCl which is followed by BC and the 
minimum percent removal was observed for BC:Chb. The removal efficiency follows 
the order KOH > 0.1 N NaCl > BC > BC:Chb at pH 9 > 7 > 5 > 3. Presence of 
oxygenated functional groups on BC and ATN alters the electrostatic interaction 
between them when solution pH is varied affecting protonation or deprotonation of 
these functional groups. This shows that ATN has a pKa value of 9.16 and exists in 
deprotonated form at pH 11 and in the protonated form at pH ≤ 9 and is greatly 
influenced by pH. ATN consists of single aromatic ring and so there exists a weak π – π 
interaction between BC and ATN. In addition to electronic and π – π interaction, 
hydrogen bonding can also influence interactions between BC - ATN and adsorption 
(Yang and Xing 2009). ATN exists in neutral form at pH 7 whereas BC is negatively 
charged. Thus a hydrogen bond may be formed between –O- group on BC and –OH 
group on ATN thus favaouring ATN adsorption. At alkaline pH, the number of –OH 
groups decreased on ATN due to deprotonation and comparatively at acidic pH, the 
number of –O- group on BC on BC decreases due to protonation. Thus both protonation 
and deprotonation mitigate hydrogen bonding between ATN and BC.  
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Figure 5.23. Comparison of various adsorption methods at varying pH onto BC and its 
removal efficiency for ATN [Co = 10mg/L, dosage = 1, 2, 5, 10, 20g/L] 
 
Figure 5.24 shows the experimental data obtained by various adsorption process and 
found the maximum to minimum percent removal was obtained for KOH > 0.1N NaCl 
> BC > BC : Chb.  Due to low pKa value of 2.84 for clofibric acid (Xu et al., 2009a) it 
is found to dissociate highly in solution thus resulting in weak adsorption to organic 
matter.  The adsorption also depends on pH especially when the biochar pH conditions 
are below their pKa, then these organic acids will tend to be present in their 
undissociated or neutral form which in turn will have higher tendency to adsorb to 
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organic matter when compared to more polar dissociated forms.  It is also not easy to 
predict the behavior of PPCPs adsorption in biochar due to its diverse structures 
whether ionic or polar.  The lowest removal efficiency is due to the fact that at pH 
values between 7 and 11, the surface groups of the adsorbent as well as chemicals have 
high dissociation degree which leads to formation of negatively charged forms on the 
adsorbent and solutes that disfavors adsorption due to electrostatic repulsions.  
 
 
Figure 5.24. Comparison of various adsorption methods at varying pH onto BC and its 
removal efficiency for CFA [Co = 10mg/L, dosage = 1, 2, 5, 10, 20g/L] 
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Figure 5.25 shows that a strong interaction between electron donors on the polarisable 
biochars (aromatic carbon) and electron acceptors on the polar aromatic DCF which is 
dominant due to π - π EDA (electron donor acceptor) interaction between them (Chen et 
al., 2007).   
 
 
 
Figure 5.25.  Comparison of various adsorption methods at varying pH onto BC and its 
removal efficiency for DCF [Co = 10mg/L, dosage = 1, 2, 5, 10, 20g/L] 
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The π - π interaction between BC and DCF is favaoured due to the fact that DCF 
consists of two aromatic rings unlike ATN and CFA which consists of single aromatic 
ring. For DCF, a sieving effect is assumed to have occurred on the open sector of 
micro-sized pores with relatively large DCF molecular sizes that played an important 
role in DCF adsorption.  
A better contact was observed between DCF and large pore sizes in greater number on 
biochar compared to other carbonaceous adsorbents with smaller pore-size leading to 
adsorption differences (Jung et. al., 2013).  The adsorption affinity of DCF on biochar 
increased due to its π energy values and high molecular polarizability compared to CFA 
and ATN despite its higher binding energy and aromaticity (Kusgens et al., 2009). As 
per literature, it was observed that the binding energy between DCF and each structure 
(groups of aliphatic, aryl, carbonyls and non-aromatic carbons) were greater than18.8 
kcal/mol regardless of carbonaceous structure ratios and elemental composition. Thus 
hydrophobic interaction was encouraged due to aromatic carbon due to component 
ratio.   
 
The adsorption affinity of the three PPCPs on biochar was in the following order: DCF 
> CFA> > ATN. Results suggest that ATN was most mobile, and DCF was the least 
mobile in biochar. The adsorption efficiency is strongly influenced by the physico-
chemical properties of target adsorbates and biochar. A higher log Kow values shows 
stronger adsorption of microcontaminants onto biochars.  Since DCF has higher 
adsorption energy, the electron density is decreased by the presence of chloride 
substituent and thus a higher chemical affinity for activated carbon surface is due to 
higher log Kow for DCF (Valladares et al., 2011).  
 
More affined compounds are occupied preferentially with the highest adsorption 
potential at the active sites and the remaining available less favored molecules are 
adsorbed, by the remaining fewer adsorption sites that have higher adsorption potentials 
(suriyanon et al., 2013 and Pelekani et al., 1999). Thus a competition effect is caused by 
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the presence of one molecule which changes the energy field for another micropollutant 
in the active sites (Li et al., 2001).  A lower log Kow, higher water solubility and lower 
molecular weight are responsible for lower adsorption capacity for ATN compared to 
DCF. Since surface of biochar is non-polar, it generally favors compounds of non-polar 
adsorption rather than polar compounds although some adsorption of slightly polar 
compounds takes place due to the presence of some slightly polar carbon-oxygen 
groups present on activated carbon (Sulaymon and Ahmed, 2008). Some of the factors 
that influence the adsorption process are the biochar with pore size distribution that aids 
in adsorption of target compounds from water and molecular sizes of 
microcontaminants.  
 
5.3.9 Isotherms 
Adsorption isotherms of selected target PPCP compounds in BC were studied to find 
the relationship between ATN, CFA and DCF adsorbed (qe) and its equilibrium 
concentration (Ce) as shown in Figures 5.26, 5.29 and 5.32. The Freundlich isotherms 
are shown in Figures 5.27, 5.30 and 5.33 where Freundlich linear isotherms were 
obtained by plotting qe versus Ce to determine Kf and 1/n values. For all tested PPCPs, 
the adsorption data best fits the Freundlich equation over the range of equilibrium 
concentrations and was quantified by the square of the correlation coefficient, R
2
 as 
given in Tables 5.6, 5.7 and 5.8. Freundlich isotherms will provide information on the 
adsorption characteristics of surface heterogeneity. The range of 1/n values are from 0 
to 1 and a more heterogeneity adsorbent surface dominates if the values are closer to 
zero. Langmuir isotherm model is based on few assumptions such as adsorption is 
restricted to monolayer and is independent of interactions between neighbouring sites of 
adjacent molecules on the surface and immobile adsorption. Thus Langmuir isotherm 
implies that all the sites are energetically equivalent and identical and are plotted 
between Ce/qe versus Ce as shown in Figures 5.28, 5.31 and 5.34. Adsorption 
experiments were conducted in triplicate on tri-solutes where three solutes (ATN, CFA 
and DCF) were all combined in the experiments to produce competitive isotherms.  
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Figure 5.26. ATN equilibrium adsorption isotherm onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10, 20g/L] 
 
 
Figure 5.27. Freundlich plot for ATN adsorption onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10, 20g/L] 
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Figure 5.28. Langmuir plot for ATN adsorption onto BC [pH = 9; Co = 10, 20, 30mg/L; 
dosage = 1, 2, 5g/L] 
 
 
Figure 5.29. CFA equilibrium adsorption isotherm onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10g/L] 
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Figure 5.30. Freundlich plot for CFA adsorption onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10, 20g/L] 
 
 
Figure 5.31. Langmuir plot for CFA adsorption onto BC [pH = 9; Co = 10, 20, 30mg/L; 
dosage = 1, 2, 5, 10g/L] 
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Figure 5.32. DCF equilibrium adsorption isotherm onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10, 20g/L] 
 
 
Figure 5.33. Freundlich plot for DCF adsorption onto BC [pH = 9; Co = 10, 20, 
30mg/L; dosage = 1, 2, 5, 10, 20g/L] 
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Figure 5.34. Langmuir plot for DCF adsorption onto BC [pH = 9; Co = 10, 20, 30mg/L; 
dosage = 1, 2, 5 g/L] 
 
Table 5.6. Freundlich and Langmuir isotherm constants for ATN adsorption onto BC 
with their correlation coefficient, R
2 
at different
 
dosages 
ATN Freundlich Isotherm Langmuir Isotherm 
Dosages, 
g/L 
KF 
(mg/g)(L/mg)
1/n
) 
n R
2
 KL 
(L/mg) 
qmax 
(mg/g) 
R
2
 
1 1.118 1.15 0.9999 0.0085 104.2 0.9951 
2 0.541 1.08 0.9999 ** 
5 0.236 1.08 0.9998 ** 
10 0.107 1.03 0.9997 ** 
20 0.050 1.00 1.0000 ** 
 
The slope and intercept were calculated using linearized form of the Freundlich and 
Langmuir equations and the linear plots obtained with their R
2
 values for the adsorption 
isotherm parameters are given in Table 5.6, 5.7 and 5.8.  
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Table 5.7. Freundlich and Langmuir isotherm constants for CFA adsorption onto BC 
with their correlation coefficient, R
2 
at different
 
dosages 
CFA Freundlich Isotherm Langmuir Isotherm 
Dosages, 
g/L 
KF 
(mg/g)(L/mg)
1/n
) 
n R
2
 KL 
(L/mg) 
qmax 
 (mg/g) 
R
2
 
1 1.026 1.38 0.9993 0.022 30.211 0.9986 
2 0.645 1.43 0.9973 ** 
5 0.289 1.37 0.9970 ** 
10 0.149 1.29 0.9972 ** 
20 0.065 1.15 0.9967 ** 
 
Table 5.8. Freundlich and Langmuir isotherm constants for DCF adsorption onto BC 
with their correlation coefficient, R
2 
at different
 
dosages 
DCF Freundlich Isotherm Langmuir Isotherm 
Dosages, 
g/L 
KF 
(mg/g)(L/mg)
1/n
) 
n R
2
 KL 
(L/mg) 
qmax 
 (mg/g) 
R
2
 
1 1.17 1.25 0.9991 0.014 59.5 1.0000 
2 0.55 1.11 0.9999 ** 
5 0.24 1.11 1.0000 ** 
10 0.12 1.08 0.9999 ** 
20 0.05 1.01 1.0000 ** 
** Not Applicable 
From the data it is clear that Freundlich isotherm values fitted more to the experimental 
data than Langmuir isotherm model in terms of R
2
 values. Freundlich isotherm shows 
that with increase in PPCP concentration, the adsorption will also increase in multilayer 
rather than single layer. 
244 
 
The n values between 1 and 10 favours adsorption between adsorbent and adsorbate. 
From Table 5.6, 5.7 and 5.8 for ATN, CFA and DCF, it is seen that the n values are 
above 1 for Freundlich and shows favourable adsorption of PPCPs onto BC. Higher the 
values of n, the stronger are the interaction between them. Hence assumption of 
physical adsorption by multilayer between BC and PPCPs validates to findings.  
 
5.4 Conclusions 
Adsorption studies with biochar showed that target PPCPs can be effectively and 
completely removed from secondary effluents by pyrolysis of wood biomass at 700
o
C. 
The performance of biochar can be maintained by proper biochar dosage to secondary 
effluent. The pre-conditioning of biochar by 0.1N NaCl increased the removal 
efficiency by 1.24 times for ATN and to a lesser extent for CFA and DCF. While 
chemical activation by KOH for ATN, CFA and DCF showed the maximum removal 
efficiency of 87.5%, 64% and 81.8% and followed the order by pre-conditioning 
(86.7%, 57.7%, 75.9%) > biochar (82.3%, 54.1%, 73.9%) > biochar : chabazite (66.1%, 
50.9%, 72.4%) respectively at pH 9 and adsorbent dosage of 1 g/L. The sorption was 
mostly influenced by pH and the percent removal followed the order DCF > CFA > 
ATN for pH at 3 > 5 > 7 > 9 whereas percent removal followed a reverse trend as 
observed for ATN at pH 9 > 7 > 5 > 3.  Adsorption isotherms favored Freundlich model 
for ATN, CFA and DCF as the values fitted more to the experimental data than 
Langmuir isotherm in terms of their R
2
 values.  
Further work may be needed to pyrolyze the biochar at different temperatures based on 
type of wood biomass and type of PPCP compound selected and also depends on the 
type of wastewater.  Steam activation can also be used as an alternative for chemical 
activation of biochar to study the percent removal of PPCs.  
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Chapter 6  
 
6 Conclusions and Recommendations 
6.1 Conclusions 
The following conclusions can be drawn from this study: 
1. Immobilization of Degussa P25 catalyst was achieved successfully as a uniform 
thickness layer of coating could be obtained with 2%, 4% and 20%.  
2. All the optimized conditions were fed into the reactor for degradation of PPCP 
compounds [O3=2ppm, TiO2 = 1g/m
2
, UV = 13W] in secondary effluent. 
3. A comparison of various AOPs conducted on secondary effluent revealed that 
O3/UV/TiO2 was able to remove 99.9% of ATN in 90 min, 99.5% of CFA in 
30min and 99.9% of DCF in 15min respectively. Hence O3/UV/TiO2 is 
considered as the best treatment option for the removal of these PPCP 
compounds from secondary effluent.  
4. 100% ATN removal could be achieved in 60 min by increasing the pH from 7 to 
9.   
5. The concentration of organic matter and various ions in secondary effluent had 
negligible effect in percent removal of ATN, CFA and DCF.  
6. In2O3 microspheres, nanocubes, nanoplates and nano crystals were synthesized 
successfully as revealed by FE-SEM images.     
7. Among the various In2O3 nanoparticles synthesized, porous microspheres 
exhibited the maximum removal efficiency with 99.9% ATN in 60 min 
compared to 68.5% by UV/TiO2, 80.4% by O3/TiO2 and 99.3% by O3/UV/TiO2 
in 90 min at pH 7.  
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8. Removal efficiency was almost same between MS, NC, NP and O3/UV/TiO2 for 
DCF as 100% removal was achieved in 15 min except NCY which showed only 
98.6% in 15 min. 
9. For CFA, the percent removal was 100% by MS in 30min and 100% by 
O3/UV/TiO2 in 60 min and 99.8% by UV/TiO2 and 60.4% by O3/TiO2 in 90min. 
10. The activity of other nanoparticles such as NC, NP and NCY were almost 
slightly lower to MS and shows that all these nanoparticles were highly 
effective in removal of PPCP compounds from secondary effluent. 
11.  Biochar was prepared successfully by calcining it at 700oC. The surface 
morphology of BC characterized by FESEM showed honeycomb like structure 
with several pores of <0.1µm to 20-20µm.  
12. Adsorption studies with BC showed that PPCP compounds can be effectively 
removed from secondary effluents. The removal efficiency was increased by 
1.24 times for ATN by pre-conditioning of BC with 0.1N NaCl.  
13. ATN removal was 44.1% at pH 3 which increased to 82.3% by increasing the 
pH to 9 at 1 g/L adsorbent dosage. Similarly, CFA and DCF exhibited higher 
removal efficiency at 88.2% and 99.2% at pH 3 compared to 54.1% and 73.9% 
at pH 9 respectively. 
14. A mixed adsorbent with 1:1 BC:Chb showed removal efficiency of 34.3% at pH 
3 compared to 66.1% at pH 9 whereas for CFA and DCF, 82.1% and 99.5% was 
observed at pH 3 compared to 50.9% and 72.4% at pH 9 respectively for 1 g/L 
adsorbent dosage. 
15. By pre-conditioning, ATN removal increased after pre-conditioning from 44.1% 
to 54.9% at pH 3 whereas observed slight increase from 82.3% to 86.7% at pH 
9. Similarly, for CFA and DCF, the maximum removal efficiency was found to 
be 95.2% and 99.4% at pH 3 compared to 88.2% and 99.2% respectively at 1g/L 
adsorbent dosage.  
261 
 
16. Chemical activation of BC by KOH showed maximum removal efficiency of 
87.5%, 64% and 81.8% for ATN, CFA and DCF respectively at pH 9 for 1 g/L 
adsorbent dosage.  
17. The percent removal efficiency for various adsorption methods follows the 
order as BC-KOH> BC-Pre-conditioned> BC > BC-Chb.  
18. Percent removal efficiency followed the order as DCF > CFA > ATN for pH at 
3 > 5 > 7 > 9 whereas a reverse trend was observed for ATN at pH 9> 7 > 5 > 3. 
 
6.2 Recommendations 
 
1. Increasing the catalyst loadings to 40 – 50% would reduce the number of dip-
coating and drying cycles.  
2. Other PPCP compounds that show very low degradation rates can also be 
studied for their kinetics.   
3. Photodegradation rates will provide an insight to the environmental life time of 
such chemicals in natural water.  
 
4. Increasing the concentration of HA, nitrates and chlorides can be studied further 
to gather more information on the efficiency of O3/UV/TiO2.  
5. Photocatalytic efficiency of O3/UV/TiO2 can be studied further by increasing the 
NOM concentration to 25, 50, 100 and 250ppm.  
6. Cost-benefit analysis of preparation of immobilized catalyst and use of 
O3/UV/TiO2 at an industrial scale should be considered. 
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7. Synthesis of In2O3 nanoparticles is a lengthy process and lowering the time to 
autoclave or increasing the reactor temperature may be an alternate procedure to 
speed up the reaction of synthesis but requires optimization.   
8. Efficiency of BC can be improved by altering pyrolysis temperatures of biochar 
based on the type of wood material chosen, type of PPCP compounds selected 
and type of wastewater.   
9. Steam activation can be an alternative method for chemical activation to study 
the percent removal of PPCPs. 
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Appendices  
Appendix 1.  Average monthly water quality (raw and treated) reported by Adelaide 
Wastewater Treatment Plant, 2014 
 
Parameters Results, mg/L 
Raw 
Results, mg/L 
UV Channel 
pH 7.5 7.3 
Temperature, 
o
C 22 16.5 
E. Coli orgs./100mL NA 43 
Dissolved Oxygen NA 7.4 
Biochemical Oxygen Demand 129 3 
Total Suspended Solids 153 3 
Free Ammonia 18.1 0.4 
Nitrate as NO3
- 
NA 16.4 
Nitrite as NO2
- 
0.7 0.6 
Total Kjeldahl Nitrogen (TKN) 29.1 2.0 
Phosphorus 4.2 0.59 
Alkalinity as CaCO3 263 122 
 
Note: All the above values are reported in mg/L except pH, Temperature and E. Coli 
NA: Not Available 
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Appendix 2. BET Surface Area for TiO2 film after calcination 
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Appendix 3. Reactor setup showing the wastewater spiked with PPCP compounds 
subjected to O3/UV/TiO2 
 
 
Appendix 4. Agilent 6460 LC-MS/MS (High Resolution) 
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Appendix 5.  A five point calibration curve for Atenolol with conc. of 10, 20, 50, 75 
and 100 ng/ml 
 
 
Appendix 6.   A five point calibration curve for Clofibric acid with conc. of 10, 20, 50, 
75 and 100 ng/ml 
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Appendix 7.   A five point calibration curve for Diclofenac with conc. of 10, 20, 50, 75 
and 100 ng/ml  
 
Appendix 8.   A comparison of various AOPs with their percent removal 
     PPCPs → 
     AOP↓ 
ATN 
% Removal in 90 min 
CFA 
% Removal in 90 min 
DCF 
% Removal  
UV 32.2 97.3 99.9 in 30 min 
O3 52.3 13.0 100 in 30 min 
UV/O3 59.0 99.4 99.4 in 60 min 
UV/TiO2 68.5 99.8 99.8 in 30 min 
O3/TiO2 80.4 60.4 100 in 60 min 
O3/UV/TiO2 99.9 99.5 in 30min 99.9 in 15 min 
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Appendix 9.  Effect of pH on the percent removal of ATN using various AOPs 
       PPCPs → 
 
AOP↓ 
ATN 
% Removal in 90 min 
pH = 7 pH = 8 pH = 9 
UV/TiO2 
68.5 74.4 78.4 
O3/TiO2 80.4 91.6 92.8 
O3/UV/TiO2 99.3 100 in 60min 100 in 60min 
 
Appendix 10.   Comparison of various AOPs on degradation of PPCPs in presence of 
varying concentrations of NOM and Br 
 
PPCPs 
ATN CFA DCF 
NOM 
4ppm + 
Br 
0.1ppm 
NOM 
8ppm + 
Br 
0.3ppm 
NOM 
4ppm + 
Br 
0.1ppm 
NOM 
8ppm + 
Br 
0.3ppm 
NOM 
4ppm  
+ Br 
0.1ppm 
NOM 
8ppm  
+ Br 
0.3ppm 
 
UV/TiO2 
 
55.4% 
in 90 min 
 
48.4% 
in 90 min 
 
 
98.6% 
in 90 min 
 
98.4% 
in 90 min 
 
 
99.5% 
in 30 min 
 
99.8% 
in 60 min 
 
O3/TiO2 
 
73.5% 
in 90 min 
 
70.4% 
in 90 min 
 
46.3% 
in 90 min 
 
41.0% 
in 90min 
 
 
99.3% 
in 60 min 
 
 
99.8% 
in 90 min 
 
O3/UV/TiO2 
 
99.2% 
in 90 min 
 
98.9% 
in 90min 
 
 
100% 
in 60 min 
 
100% 
in 90 min 
 
99.8% 
in 15 min 
 
99.5% 
in 15 min 
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Appendix 11. Crystal Structure of Chabazite 
 
 
Appendix 12. BET Surface Area plot for Biochar sample pyrolyzed at 700oC 
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Appendix 13. BET Surface Area Report with pore volume for Biochar samples 
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Appendix 14.   A six point calibration curve for Atenolol with conc. of 10, 20, 50, 75, 
100 and 200 ng/ml 
 
 
Appendix 15.   A six point calibration curve for Clofibric Acid with conc. of 10, 20, 50, 
75, 100 and 200 ng/ml  
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Appendix 16.   A six point calibration curve for Diclofenac with conc. of 10, 20, 50, 75, 
100 and 200 ng/ml  
 
 
 
 
Appendix 17.    Blank Milli-Q water chromatogram by LC-MS/MS 
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Appendix 18.  Secondary Effluent chromatogram by LC-MS/MS (baseline study) 
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